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Chapter 1
Introduction
1.1 Radio observational introduction
Almost everything we know about the space outside our home planet Earthwas brought to us by electromagnetic radiation, which is the fastest way
to transport information so far. The remaining information we gathered from
meteorites, during space flights, through cosmic rays, and neutrinos.
Radiation concerns any kind of energy transport in the form of subatomic
particles or electromagnetic waves. The phenomenon of electromagnetic radia-
tion was first described by Maxwell (1865) and it was confirmed 22 years later
in experiments by Hertz (1887). The discovery and demonstration of electro-
magnetic waves built the basis for the development of radio communication,
television, radar technology, and radio astronomy.
Electromagnetic radiation (EMR) is produced by nature, human technology
and it is received from space. The whole frequency spectrum of EMR is split
up in regions with different characteristics, mainly non-ionizing radiation (radio
waves, microwaves, infrared radiation, optical light, and ultraviolet light), and
ionizing radiation (x-rays and gamma rays).
The whole spectrum of energies with which photons arrive at Earth is of
interest for astronomy, since different frequencies reveal different characteristics
about the emission mechanisms of the sources. The optical and the radio fre-
quency ranges are observable with Earth-based telescopes, whereas to all other
frequencies the Earth’s atmosphere is partly or fully opaque, requiring expensive
spacecrafts for sensitive observations. The advantage of radio astronomy is that
the water vapor in the troposphere (clouds) and in the atmospheric layers above
cannot block the waves, as it is the case for waves in the optical range. The
radio frequency window ranges from 3 MHz to 300 GHz.
Radio waves are emitted by nearly all types of astronomical objects, as well as
by our Sun and by solar planets like Earth, Jupiter, and Saturn. Non-terrestrial
radio emission was first observed by Jansky (1933), who pointed a directional
antenna onto the sky and detected a change in the background noise level recur-
ring on a cycle of 23 hours and 56 minutes, which originated from our Galaxy.
A second important step in radio astronomy was the discovery of radio emission
from neutral hydrogen in a narrow frequency band centered at 21 cm in wave-
length by Ewen & Purcell (1951) and Muller & Oort (1951). Natural hydrogen
is the most abundant element in our Universe and with an energy transition
radiating at the 21 cm line, it enables us to measure velocities of clouds, stars,
and entire galaxies by Doppler shifts. Probably the most interesting sources
1
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discovered with radio telescopes are pulsars, quasars, and radio galaxies. These
objects are very powerful sources of radio emission, which are still hiding violent
emission mechanisms being hot subjects of current research.
The time-scales on which radio emission can be detected on Earth range from
continuous signals to very short flashes. Radio flashes shorter than a millisec-
ond are received from pulsars, flare stars, the Sun, planetary lightning, bursts
produced in planetary magnetospheres and particle cascades produced by cos-
mic rays in the Earth’s atmosphere. The latter two are subject of the analysis
performed for this thesis.
The detection and analysis of very short time-scales down to nanoseconds was
enabled through the rapid development in computer hardware during the last
decade. The new generation telescopes are equipped with electronics capable of
digitizing and storing signals over a large dynamic range and large bandwidths,
which allows high time resolution sampling.
In fact, the low frequency array (LOFAR), which is currently under con-
struction, will form several beams on the sky simultaneously and this will al-
low to monitor the sky for short-time flashes amongst other applications over
bandwidths up to 100 MHz with a time resolution of nanoseconds. Its current
scientific key projects are the detection of the remaining background signal of
the Epoch of Reionization, the execution of a galaxy survey at frequencies below
240 MHz, the detection of high-energy cosmic-ray air showers, the study of the
Sun and the study of all kind of transient events from objects like pulsars.
After LOFAR will be finished and hunting for its scientific goals, it will
be joined by the square kilometer array (SKA). SKA compared to LOFAR is
expected to increase the covered frequency range by at least a factor of ten, the
angular resolution by a factor of a hundred and the sensitivity by a factor of a
thousand.
The signals we receive with radio telescopes are affected by the media they
travel through. Propagation effects can be quantified by using Maxwell’s equa-
tions to describe electromagnetic waves. Refraction of waves in plasma causes
dispersion in the signal and when a magnetic field is involved it causes Faraday
rotation. The Faraday effect is the rotation of the plane of polarization and the
dispersion is a frequency dependent delay in the phase velocities of the waves
and smears the signal out. The strength of both effects can be expressed in fre-
quency independent measures, the dispersion measure, and the rotation measure
(Section 1.3 on the facing page).
The frequency window for radio astronomy spans from about 10 MHz to
about 300 GHz dependent on the composition of the atmosphere in the line-
of-sight and the solar activity. Propagation effects, like dispersion and Faraday
rotation, become larger to lower frequencies or to longer wavelengths. Reducing
the observation frequency from the 21 cm line with 1.4 GHz by a factor of
hundred to 21 m and 14 MHz, the rotation of the electric field vector in a
magnetic field is increased by a factor of ten thousand for the same rotation
measure, and the bandwidth required for a full rotation of the electric field vector
shrinks by six orders of magnitude. Therefore, broadband radio observations at
low radio frequencies require a lot more effort to correct for propagation effects,
like dispersion and Faraday rotation.
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1.2 This thesis
In this thesis a detailed analysis of several observations with installations of LO-
FAR antennae are described and results are discussed. The connection between
the four subjects discussed in this thesis lies in the fact that simple dipole arrays
were used to perform astronomical observations at very short time-scales despite
radio frequency interference and ionospheric propagation. This work presents a
first step towards a more general study of sub-second natural radio bursts with
LOFAR. It is expected that these kind of studies applied to any kind of transient
events will become a major area of research in the coming years.
Observations were performed to study bursts received from the Jupiter-Io
interaction and from particle air showers initiated by high-energy cosmic rays in
the Earth’s atmosphere. Signal dispersion and Faraday rotation are explained
in Section 1.3. The important emission mechanisms are introduced in Section
1.4, LOFAR and its prototypes are described in Section 1.5.1 on page 6, radio
frequency interference (RFI) is discussed in Section 1.6 on page 17.
Jupiter-Io bursts were observed simultaneously with LOFAR’s Initial Test
Station (ITS) and the Nançay Decametric Array on a baseline of 700 km. VLBI-
type cross-correlations were performed on the burst structures in dynamic spec-
tra and on the beam-formed time-series (Chapter 2 on page 31). The crucial
digital beam-forming method and implications for the production of a beam-
formed time-series are described in Section 1.7.3 on page 25.
We placed eight LOFAR prototype dipoles on the top of the building of the
Radboud University Nijmegen, triggered them with particle detectors of the high
school project HiSPARC and detected simultaneous radio emission and particles
from cosmic-ray air showers (Chapter 3 on page 61).
The detection of radio emission from cosmic-ray air showers is the scientific
goal of the key science center in the department of astrophysics in Nijmegen
within the LOFAR project. Fundamental results were already obtained with the
LOFAR Prototype Station (LOPES) in Karlsruhe, which observes the whole sky
with tens of dipoles since May 2003. We produce and publish daily dynamic
spectra of the recorded data by LOPES on the web (see Section ?? on page ??).
These radio spectra allow us to inspect the overall radio environment with respect
to strong bursts.
The spectral dependence of radio air shower emission received with LOPES
was studied on several tens of high quality events (Chapter 4 on page 79). Addi-
tionally, the determination of the direction from which air shower radio emission
is received, is analyzed in comparison with the direction reconstructed by the
particle detectors of KASCADE (Chapter 5 on page 103).
The thesis is concluded by a summary in English and Dutch, which can be
found after the Appendices on page 143.
1.3 Dispersion and rotation measure
In this section the effect of signal dispersion, Faraday rotation and their ob-
servational implications are described, which seriously affects all low frequency
observations. We start from the dispersion measure and the rotation measure,
which are common parameters obtained from observations.
The integral over electron density along the ray path is called the dispersion
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measure DM or electron column density:
DM =
∫
ne ~ds. (1.1)
Here ne is the electron density, ds is the ray path length. The DM causes
a frequency dependent delay in the arrival time of the signal between two fre-
quencies ν1 and ν2 (Manchester & Taylor 1977):
∆t = 1.3 · 10−2
(
MHz2
ν21
− MHz
2
ν22
)
DM
1017 m−2
.
Here, e is the electron charge, c is the speed of light, and me is the electron
mass. A nonzero dispersion measure implies that a pulse arrives first at the
higher frequencies.
Dispersion is observable when a pulse is short and emitted simultaneously
over a wide bandwidth. The pulse is observed to drift from high to low frequency
and its dispersion measure can be used to determine the electron column depth
between the source and the observer along the line of sight.
The rotation measure RM is proportional to the integral over the electron
density and the magnetic field strength along a ray path (Pacholczyk 1970):
RM =
χF
λ2
=
e3
2pim2e c4
∫
ne ~B · ~ds. (1.2)
Here χF is the Faraday rotation angle, λ is the wavelength of the signal, ~B
is the vector of the magnetic field, and ~ds is the vector of the differential path.
Faraday rotation is most rapid for radiation at frequencies within an order of
magnitude of the plasma frequency νp = 9 kHz
√
ne/cm−3. The rotation angle
direction is counterclockwise, if looking in the direction of propagation parallel to
the magnetic field, and clockwise anti-parallel to the magnetic field. The rotation
measure is positive for fields directed towards and negative for fields directed
away from the observer. The rotation measure can be readily determined by
two measurements of the direction of linear polarization at adjacent frequencies.
A derivation of Faraday rotation and the rotation measure can be found in
Appendix A on page 121.
Equation 1.2 shows that the rotation measure represents a mean value of
the magnetic field component along the line-of-sight, weighted by the electron
density. From Equation 1.1 it is evident, that the dispersion measure is propor-
tional to the integral of the electron density, which is believed to be reasonably
constant over a large portion of the galaxy. Hence, knowing both the RM and
DM, the magnetic field strength can be determined:
B|| = 0.38 G
(
RM
radm−2
)(
DM
1017 m−2
)−1
.
The combination of rotation measure and dispersion measure has been suc-
cessfully applied to estimate the magnetic field strength of an intervening plasma.
The Faraday rotation of pulsar radio emission has been used to measure the mag-
netic field of the interstellar medium (see Fig.1.1). The method has also been
applied successfully to the solar wind to get the structure of the interplane-
tary magnetic field using extragalactic background sources. The interplanetary
medium rotates the polarization angle of radiation with the square of the wave-
length as predicted by Eq. 1.2, which is demonstrated in Fig.1.2.
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Figure 1.1: This skymap in galactic coordinates shows the mean line-of-sight
magnetic field components in the paths to pulsars. For fields greater than 0.1 µG,
the area of the circle is proportional to the field strength (a circle representing a
1 µG field is shown in the lower right corner). A cross within a circle means that
the rotation measure is positive (field directed towards the observer; Manchester
& Taylor 1977).
Figure 1.2: This figure shows the effect of Faraday rotation in the interplane-
tary medium. It rotates the polarization angle of radiation with the square of
the wavelength (here in centimeters squared). The quasar 3C353 has a larger
rotation measure than the quasar 3C161, since its radiation passes through in-
terplanetary plasma of higher density and magnetic field. The estimated error
for each point is six degrees. Gauss & Goldstein (1973).
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1.4 Cyclotron maser and geosynchrotron emis-
sion mechanism
The cyclotron-maser and the geosynchrotron emission mechanisms are partic-
ularly interesting for this thesis. Both mechanisms describe charged particles
gyrating in magnetic fields, however, in the case of the synchrotron mechanism,
for relativistically moving particles.
Cyclotron emission is very efficient in dilute plasmas, such as in Jupiter’s
magnetosphere. There, non-thermal electron populations generate intense radi-
ation to get rid of excess energy. This mechanism is called electron-cyclotron
maser. In Jupiter’s magnetosphere, this effect leads to a linear interaction of the
local electron distributions and waves at the cyclotron frequency. This cyclotron
maser instability causes a linear growth rate of the emission intensity. For this
thesis, we observed this kind of emission in the form of S-bursts from Jupiter.
For further detail about the mechanism at Jupiter and results from our observa-
tions, see Chapter 2 on page 31 and an excellent review on the electron-cyclotron
maser can be found in Treumann (2006).
The geosynchrotron effect describes relativistic electron-positron pairs gyrat-
ing in the Earth’s magnetic field producing short radio flashes in the forward
direction. These relativistic electron-positron pairs are produced in extensive air
showers initiated by high-energy cosmic-ray particles. The creation and anni-
hilation of particles in the air shower establishes a particle disc, called shower
pancake, of a few meters in thickness and a few hundred meters in extend.
The product of the air shower is a short relativistically beamed coherent radio
pulse of a few nanoseconds observable on the ground at low frequencies (see Fig.
1.3). This air shower radio emission is subject of the analysis of Chapters 3 on
page 61, 4 on page 79, 5 on page 103 and an excellent description of coherent
geosynchrotron radiation from cosmic-ray air showers can be found in Huege &
Falcke (2003).
1.5 LOFAR and its prototypes
1.5.1 LOFAR - LOw Frequency ARray
A new generation multipurpose radio telescope is currently under construction
by ASTRON1. It is called LOFAR (Low Frequency Array) and it is based on an
array consisting of simple dipole antennae, instead of conventional radio dishes
(Bregman 2000, Butcher 2004, de Vos 2005, Falcke et al. 2006). LOFAR is
expected to exceed the sensitivity and resolution reached up to now in radio
measurements at frequencies around 100 MHz by an order of magnitude (see
Table 1.1). LOFAR is also called a multisensor network, since in addition to the
radio antennae, geophones, micro-barometers, and miniature climate sensors will
be installed for geophysical research and precision agriculture2.
The array will consist of about 5000 antennae elements concentrated in up
to 50 stations. A dense core will consist of up to 25 stations and 5 spiral arms
will accommodate 5 logarithmic spaced remote stations each. A total number of
100 stations can be processed by the current hardware. Therefore, the array can
be extended to long baselines by European stations. Currently 16 institutes are
1www.astron.nl
2www.lofar.org
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Figure 1.3: Schematic development of an air shower from the primary particle
to the radio pulse detected by a single dipole antenna.
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Table 1.1: LOFAR performance for the Dutch array with 18-25 core stations
and 18-25 remote stations. The top table is calculated for 18 stations and the
lower one for 25 stations. The low band antennae are sensitive to the frequencies
from 30 MHz to 75 MHz and the high band antennae to the frequencies from
120 MHz to 240 MHz.
18 core stations + 18 remote stations
Freq. Pnt. Src. Sensitivity1 Eff. Collecting Area2 Beam Size
Core Complete Antenna Full Tel. Core3 Complete4
(MHz) (m²) (m²) (’) (")
30 0.42 Jy 0.21 Jy 25.0 43200 17 41
75 0.27 Jy 0.13 Jy 4.0 6912 7 17
120 13 mJy 7 mJy 1.6 43200 4.3 10
200 10 mJy 5 mJy 0.6 15552 2.6 6
25 core stations + 25 remote stations
Freq. Pnt. Src. Sensitivity1 Eff. Collecting Area2 Beam Size
Core Complete Antenna Complete Core3 Complete4
(MHz) (m²) (m²) (’) (")
30 0.30 Jy 0.15 Jy 25.0 60000 17 41
75 0.20 Jy 0.10 Jy 4.0 9600 7 17
120 9 mJy 5 mJy 1.6 60000 4.3 10
200 7 mJy 4 mJy 0.6 21600 2.6 6
1 The 1-sigma point source sensitivity for is calculated for 2 polarizations, 1 s
integration time, 32 MHz bandwidth, an antenna efficiency ηa = 0.9, and a
system efficiency ηsys = 0.65 (Taylor et al. 1999).
2 The effective collecting area is calculated for an antenna gain G = pi.
3 The longest baseline of the LOFAR core is set to 2 km.
4 The longest baseline of the complete LOFAR array is set to 50 km.
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Figure 1.4: Artist impression of LOFAR showing the station layout (courtesy of
Peter Prijs).
interested in adding a station to the LOFAR network. The 50 Dutch stations
will reach a diameter of about 75 km, while the European stations will be placed
with up to 1000 km distance from the core. LOFAR’s dense core will be located
in the Dutch province of Drenthe. The longest baselines will provide LOFAR
with arcsecond resolution. An artist impression of the LOFAR layout and the
extension by collaborating European institutes can be seen in Fig. 1.4 and 1.5.
A table with some LOFAR baselines and the resulting angular resolution can be
found in Table 1.2.
The total bandwidth from 30 MHz to 240 MHz is covered by two different
antenna types, the low band antenna (LBA) and the high band antenna (HBA).
An LBA element (Fig. 1.6) consists of two inverted, V-shaped and crossed
dipoles optimized for a frequency band from 30 MHz to 80 MHz. The HBA tiles
(Fig. 1.7) consist of 4× 4 crossed dipoles, with analog beam forming, optimized
for the frequency range from 120 MHz to 240 MHz. The gap in between both
antenna types is intentional, since the frequencies between 87 MHz and 116 MHz
are used by FM radio broadcasting stations. The latter emit strong radio signals
and make it hard to detect weak astronomical sources. The LOFAR antennae will
also be sensitive outside the mentioned frequency band down to the ionospheric
cut-off at about 10 MHz and up to 290 MHz, however with reduced sensitivity.
The high performance Analog-Digital Converters (ADC) are digitizing the
antennae signals in four partly overlapping bands: 10-90 MHz, 110-190 MHz,
170-230 MHz and 210-290 MHz (see Fig. 1.8). The sample frequencies of the
ADCs can be set to either 160 MHz or 200 MHz.
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Figure 1.5: Artist impression of LOFAR showing the Dutch stations in the center
and the connections to the remote stations at the sites of collaborating European
institutes as of 2005 (courtesy of Peter Prijs).
Table 1.2: Positions, baselines and angular resolution of LOFAR stations.
Site Lat. Long. Baseline Angular Res. Unit
(deg) (deg) 240 30 MHz
125 1000 cm
LORUN N 51.8 E 5.9 60 m 1.2 9.5 ◦
LOPES N 49.1 E 8.4 130 m 0.6 4.4 ◦
ITS N 52.9 E 6.9 186 m 0.4 3.1 ◦
CS 1 N 52.9 E 6.9 500 m 0.1 1.1 ◦
LOFAR 50 N 52.9 E 6.9 50 km 5.2 41 "
Effelsberg N 50.5 E 6.9 267 km 1.0 7.7 "
Potsdam N 52.4 E 13.1 422 km 0.6 4.9 "
Onsala N 57.4 E 11.9 595 km 0.4 3.5 "
Chilbolton N 51.1 W 1.4 602 km 0.4 3.4 "
Nançay N 47.4 E 2.2 702 km 0.4 2.9 "
Torun N 53.0 E 18.6 786 km 0.3 2.6 "
Medicina N 44.5 E 11.6 997 km 0.3 2.1 "
The baselines for the stations located in the European cities are given in distance
from the LOFAR core.
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Figure 1.6: LOFAR low band antenna element (two crossed and inverted V
shaped dipoles). The low noise amplifier (LNA) is embedded in a plastic disc
on top of the pole and the dipole wires are stretched to the ground by elastic
bands.
Figure 1.7: LOFAR high band antenna tile, consisting of 4 × 4 polystyrene
structures, each accommodating two crossed dipoles and the hardware for the
analog beam-forming.
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Figure 1.8: LOFAR frequency bands (Modes) and sample frequencies (Fs).
The antenna dipoles measure the whole sky at the same time and with the fast
LOFAR hardware several sources of interest can be observed in digital beams in
real-time simultaneously. Digital beam-forming combines any number of anten-
nae to form up to eight beams in different directions. The digital beam-forming
technique is described in Section 1.7.3 on page 25. The LOFAR antennae dipoles
can be combined in real-time on remote station (RS) level (Gunst & Kant 2005)
or in the central processing facility (CEP, Van der Schaaf et al. 2003). The dig-
ital electronics are accommodated in one container per station, which collects
and digitizes the signals of the 48 dual polarization LBA and 48 dual polariza-
tion HBA tiles. In the core the 48 HBAs will be split in two virtual stations.
In principle, the electronics can also handle a third type of antennae, optimized
for frequencies from 10 MHz to 30 MHz. All sensors in one station will produce
about 0.5 Tbit/s, which have to be reduced to 3 Gbit/s, which is the maximum
data rate that can be send from RS level to CEP. A LOFAR station can process
radio data in real-time, sampled with 160/200 MHz, in a band of 80/100 MHz
width, split up in 512 sub-bands. With the sample frequencies of 160 or 200
MHz, the sub-bands have a width of 156 kHz or 195 kHz respectively. From the
remote stations one beam with a maximum bandwidth of 32 MHz or up to 8
beams with 4 MHz bandwidth can be transferred to CEP. The requirement for
the dense core is to provide 24 beams of 32 MHz bandwidth per station for fur-
ther processing in the CEP. This requirement will be achieved after an upgrade
which is planned for after the completion of the array. In addition to a real-time
data stream of Fourier transformed and beam formed data, all antennae signals
can be recorded up to 1 second of raw time-series in the Transient Buffer Board
(TBB). However these data cannot be processed in real time and have to be
transferred to the CEP for further oﬄine processing. The specifications of a sin-
gle LOFAR station are collected in Table 1.3. More details on LOFAR stations
can be found in Gunst et al. (2006).
All LOFAR stations are connected to the core in Exloo via a high-speed fiber
optic network and from there with a dedicated 800 Gbit/s connection to the
CEP in Groningen. This link is 70 km long and uses Coarse Wave Division Mul-
tiplexing (CWDM) to feed eight 10 Gbit/s channels at different frequencies on
one of the ten fiber cables. The CEP in Groningen consists of several computing
units to handle, process, and store the data. For imaging purposes, the incoming
data from the stations are first buffered up to ∼30 s on a dedicated input clus-
ter to synchronize them prior to further processing on a super-computer. The
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Table 1.3: Specifications of a LOFAR station.
Description Value Unit
number of antennae (LBA/HBA) 48/48x16
diameter 60/40 m
polarization components 2
number of beams (min/max) 1/8
total bandwidth (max/min) 32/4 MHz
number of sub-bands 512
ADC sample frequencies 160/200 MHz
subband width 156/195 kHz
beamlets∗ 205/164
ADC dynamic range 12 bit
antenna buffer board time 1 s
output data rate 2 Gbit/s
output word width (complex) 16+16 bit
processing capacity 1.5 Tmul/s
storage capacity 96 GB
input data rate 460 Gbit/s
output data rate 2 Gbit/s
∗The full band of 80/100 MHz of a station beam is split up in 512 sub-bands, of
which up to 32 MHz can be processed at once with unique beam former weights.
Thus 32 MHz divided by 156/195 kHz provides 205/164 individual beamlets.
filtering, correlation and beam forming is performed on four of six racks of an
IBM BlueGene super-computer called Stella (Adiga & et al. 2002). Stella can do
27.5 Tflops, handle 768 Gbit/s, and it consists of 12288 processors in total. RFI
mitigation and corrections for ionospheric variations based on dynamic model
calculations can be performed on an auxiliary computer cluster.
The last step in the real-time processing pipeline is the storage of processed or
raw data with up to Peta Byte capacity, which translates to 2 weeks of processed
data or 5 days of raw data, respectively. The storage unit can handle an input
stream of 50-100 Gbit/s. Hereafter a general purpose cluster can perform, for
example, self-calibration and radio imaging. Finally, the data are archived or ex-
ported for further analysis to the respective key science centers. The connection
to the science centers and collaborating institutes is provided in the Netherlands
via SURFnet63 and in Europe via GÉANT4. The major science fields in the
LOFAR project are currently "Transients" (Amsterdam), "Galaxy Formation
& The Early Universe" (Leiden), "The Epoch of Reionization" (Groningen),
and "Cosmic Rays" (Nijmegen) in The Netherlands, and "Cosmic Magnetism"
(Bonn) and "Solar Physics" (Potsdam) in Germany, respectively.
In the LOFAR frequency range other radio telescopes are under development
or have been taking data. For comparison these radio telescopes are listed in
Table 1.4.
3www.surfnet.nl
4www.geant.net
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Table 1.4: Overview of telescopes already operating or planned to be operative
at low frequencies around 100 MHz.
Telescope Freq. (MHz) Operational Link
SKA 70-20000 2019 www.skatelescope.org
LWA 10-88 2010 lwa.nrl.navy.mil
LOFAR 10-270 2008 www.lofar.org
WSRT/LFFE 117-175 2005 www.astron.nl/wsrt
GMRT 50, 150, 233 1995 www.gmrt.ncra.tifr.res.in
VLA 73-74,5 1980 www.vla.nrao.edu
Arecibo 47 1963 www.naic.edu
UTR-2 10-25 1970 www.ira.kharkov.ua/UTR2
URAN-3 5-30 1997 www.ira.kharkov.ua
1.5.2 LOFAR prototypes
Four LOFAR prototype stations have been set up and operated within the last
four years. One purpose of these arrays, consisting of tens of antennae, has been
to test the hardware and develop software for data reduction. However, the
prototypes were also used to analyze first astrophysical observations and exploit
their scientific potential. Some of these studies and their results are presented
in this thesis.
LOPES - LOfar PrototypE Station
The first LOFAR prototype station (LOPES5) has been optimized for the de-
tection of radio emission from particle air showers induced by cosmic rays with
energies around 1017 eV. LOPES consists of 30 early-type (single polarization)
LOFAR prototype antennae placed in between particle detectors of the Karlsruhe
Shower Core and Array Detector (KASCADE) located at the Forschungszentrum
Karlsruhe, Germany (FZK6). Its first ten dipole antennae had already been set
up in May 2003. KASCADE consists of 16 × 16 particle detector huts placed
on a 200 by 200 m² rectangular grid, with 13 m distance between the huts, a
central hadron calorimeter, and a muon tracking detector. The inner 60 detector
huts accommodate four conical electron/photon scintillation detectors (0.8 m² /
detector) each. The outer 192 huts host two electron/photon detectors with a
four segment muon detector below (3.2 m² / hut) each. With these 252 detector
stations, the electron number, muon number, and shower development on the
ground are determined for high-energy cosmic rays (HECR) in the energy range
from 1014.6 eV to 1017 eV (Antoni et al. 2003).
The LOPES hardware digitizes the signals measured by the dipole antenna
wires with a rate of 80 mega-samples per second (second Nyquist zone) with a
dynamic range of 12 bit. The measurable frequency band ranges from 43.6 MHz
to 76.1 MHz. The attenuation at these limits is 3 dB and increases to 60 dB
outside the band from 40 MHz to 80 MHz. The data is stored on the so-called
TIM (Twin Input Memory) boards with 2 GB of memory and thus a maximum
recording time of 6.7 s for two dipoles and 13.4 s for one dipole. During the
readout of data, the system cannot store new data. For a full data set of 2 GB,
5www.astro.ru.nl/lopes
6www.fzk.de
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that takes about 15 minutes. However, the radio pulse generated in a cosmic-ray
air shower is only some tens of nanoseconds long, which only requires to keep
small data sets. The resulting small read out time reduces the dead time down
to seconds, in which the telescope is not sensitive to a new trigger. From 2004
to 2007, in total 3 million cosmic-ray events have been recorded by LOPES in
total.
The data taken with LOPES are matched with the KASCADE data and
then they are sent to storage units for further analysis. KASCADE provides
LOPES not just with a cosmic-ray trigger, but also particle shower parameters
such as muon number, electron number, direction of origin, and distance to the
shower centre. These parameters have been used to preselect cosmic-ray events
simultaneously detected with LOPES for further processing.
In addition to KASCADE, 37 detector containers are placed in an area with a
diameter of 700 meters. These belong to the Grande array, which is overlapping
with three stations with KASCADE for calibration purposes. The larger area
covered by the KASCADE-Grande array makes it sensitive to higher energies
from 1016 eV to 1018 eV. A trigger for LOPES from KASCADE-Grande enables
studies of cosmic rays with higher primary energies and to study events for which
the shower core position lies outside the KASCADE array.
In the first four years of operation, LOPES pioneered the detection and imag-
ing of electromagnetic emission from extensive cosmic-ray air showers. The setup
of LOPES was built on a theoretical prediction describing air shower radio emis-
sion as geosynchrotron emission (Falcke & Gorham 2003 and Huege & Falcke
2003). In agreement with Monte Carlo simulations (Huege & Falcke 2005a), the
first crucial result was the finding of a nearly linear dependence of the measured
electric field amplitude on the energy of the primary particle (Falcke et al. 2005).
Further, an exponential decrease in the lateral dependence of the measured elec-
tric field strength was verified analyzing events with up to 700 meters distance
from the shower core (Apel et al. 2006). The analysis of highly inclined events
up to zenith angles of 80◦ showed that the radio amplitude from cosmic-ray air
showers increases with increasing geomagnetic angle (Petrovic et al. 2007). The
latter confirms, that the larger the angle between the shower axis and the geo-
magnetic field, the larger is the deflection of electrons and positrons and more
geosynchrotron radiation is produced, which confirms the geomagnetic origin of
radio emission in cosmic-ray air showers (Huege et al. 2007). The influence of
geoelectric fields was studied and it was found that during fair weather condi-
tions electric fields can be safely ignored. However, during thunderstorms, the
amplitude of radio emission from air showers can be strongly enhanced, probably
due to acceleration of leptons in the shower (Buitink et al. 2007). A first fre-
quency spectrum analysis of the air shower radio emission detected by LOPES is
presented in Chapter 4 on page 79 of this thesis. Additionally, the determination
of the direction from which air shower radio emission is received is analyzed in
comparison with the direction reconstructed by particle detectors and can be
found in Chapter 5 on page 103. The latter analysis is the first comprehensive
radio imaging analysis of cosmic-ray air showers.
ITS - LOFAR Initial Test Station
The Initial Test Station for LOFAR (LOFAR/ITS) was built on November 10,
2003 and was operated from January 2004 to January 2006. Initially, ITS con-
sisted of 60 single dipole elements. It was modified to contain 30 crossed dipoles
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Figure 1.9: All-sky survey map with detected 3C sources, like Virgo A in the
very middle. This map was generated on 68 data sets of 6.7 seconds (10 minutes
of integration) recorded with LOFAR/ITS (courtesy of Stephan Wijnholds).
to measure signal polarization. ITS was located at the eventual site of the LO-
FAR core stations in the Dutch province of Drenthe, close to the town of Exloo.
For ITS similar hardware was used as the one for LOPES, also digitizing with a
rate of 80 mega-samples and a dynamic range of 12 bit. The difference compared
to LOPES was the usage of the first Nyquist zone in the frequency range from
10 MHz to 37 MHz.
Though the main purpose of ITS was to perform hardware and software tests
for the development of LOFAR, first observations were analyzed and time-series
cross correlations have been performed with simultaneous data from the Nançay
Decametric Array, see Chapter 2 on page 31 of this thesis.
A first all-sky map taken with LOFAR/ITS can be seen in Fig. 1.9. Com-
pared to this map, LOFAR will have a 1000 times higher resolution, 100 times
higher sensitivity and the capability to integrate in principle over infinitely long
time periods.
LORUN - LOfar @ Radboud University Nijmegen
Since the beginning of 2005 eight LOPES-type antennae have been installed
in Nijmegen with the help of seven undergraduate students. The idea was to
bring LOFAR to Nijmegen for public outreach and to use prototype antennae for
cosmic-ray air shower observations, student training, and to test the digitization
of the university’s radio interferometer (RIF).
The LOFAR prototype station in Nijmegen was named LOfar @ Radboud
University Nijmegen (LORUN). The data acquisition of LORUN has been com-
bined with a particle detector array called Nijmegen Area High School Array
(NAHSA7). LORUN consists of four crossed dipole antenna elements in the
same frequency band as LOPES, from 40 MHz to 80 MHz. The radio antennae
and the particle detectors are placed on top of the building of the faculty of nat-
ural sciences in Nijmegen. LORUN gets a trigger from a twin particle detector
station of NAHSA, which is sensitive to particle air showers induced by very
high-energy cosmic rays (VHECR) with energies up to 1019.5 eV (Timmermans
et al. 2005). The recorded data of both experiments are matched and stored for
further oﬄine analysis.
The hardware and software setup of LORUN resulted in a detailed student
report (Schellart 2006), the first results were presented on the International
7hisparc.hef.kun.nl
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Cosmic Ray Conference in India (Nigl et al. 2005c) and a complete report can
be found in Chapter 3 on page 61 of this thesis.
CS1 - LOFAR Core Station One
LOFAR’s core station number one (LOFAR/CS1) operates 96 dual LBA since the
beginning of October 2006. Additionally, a few HBA have been installed for first
tests. The improvements compared to ITS are: dual polarization information,
three times as many antennae, a diameter of 500 meters, a frequency range
from 10 MHz to 90 MHz, and continuous digital data acquisition of poly-phase
filtered signals with a dedicated 12 Gbit/s fibre optic connection to the CEP in
Groningen. The antennae of CS1 were not placed within one station layout, but
16 antennae were placed in core stations 1, 8, 16 and 48 antennae in core station
10 (see Fig. 1.10).
This configuration was chosen to emulate LOFAR and simulate a small vir-
tual core with 24 microstations of four dipoles each. Furthermore, the ground
below the HBA-tiles had to be flattened, since they are measuring at shorter
wavelengths and therefore require a more precise placement than the LBAs.
The first result obtained with CS1 is a wide field image shown in Fig. 1.11.
The image was produced with 29 hours of data recorded by CS1 on February
23/24 2007. The data were recorded with 16 microstations distributed over an
area with a diameter of 400 meters. The digitized signals were correlated on
Stella at a frequency of about 50 MHz and an effective bandwidth of 0.5 MHz.
The angular resolution in the plotted equatorial coordinate system is about 0.5
degrees, which corresponds to the size of the full moon. The image quality was
greatly improved through self-calibration (Taylor et al. 1999). Self-calibration
was performed towards both Cas A and Cyg A simultaneously. Cyg A is the
second brightest source in the sky, and is visible on the right hand side of the
image. Other well known sources that are visible in the image are 3C10 (Tycho’s
Supernova Remnant) and 3C84 (Perseus A). The image is centered on Cas A
and the visible pole is the celestial North Pole. Cas A is the brightest radio
source in the sky, in the constellation of Cassiopeia and it was removed from the
image to reveal fainter sources. The resulting noise level is about 5 Jy revealing
at least 40 other sources, all much fainter than Cas A. The flux density of Cas A
is about 20000 Jy resulting in a large dynamic range of 1000:1. For comparison,
the full LOFAR array will have an about 200 times better angular resolution and
will allow the detection of several millions of radio sources, up to 10000 times
fainter than the ones visible in this CS1 image.
1.6 Radio frequency interference
1.6.1 Introduction
Radio Frequency Interference (RFI) is electromagnetic radiation which is emit-
ted by electrical circuits carrying rapidly changing signals, either in the target
frequency band or unintentionally as a by-product caused by frequency com-
ponents leaking at other frequency ranges. These signals interrupt, obstruct,
degrade, or limit the effective performance of receiving circuits, such as in radio
telescopes. These effects are also known as Electromagnetic Interference (EMI).
Common sources of RFI are switching power supplies, power lines and all kind
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Figure 1.10: Layout of LOFAR/CS1 consisting of 96 dual LBA in 24 microsta-
tions of four antennae each, which are distributed over four core station positions.
Core station position 1, 8, 16 host 4 × 4 antennae and position 10 hosts 12 × 4
antennae. The tick-marks on the axes are in steps of 50 meters.
of broadcasting stations, like TV and radio. Furthermore, short but strong RFI
is produced by lightning in thunderstorm clouds.
Several rather narrow frequency bands of about a few MHz from about
10 MHz (the ionospheric cut-off) to 300 GHz are allocated for radio astronom-
ical observations. Low frequency telescopes, such as LOFAR are heading for
broad frequency bands below 300 MHz. However, the frequency window below
300 MHz interferes with FM radio broadcasting at frequencies from 87 MHz
to 116 MHz and with TV broadcasting in smaller frequency bands, for exam-
ple at 62 MHz in LOPES and LORUN. The broadcasting stations transmit a
lot of power and make the detection of weak astronomical signals very difficult.
Therefore the rejection and suppression of RFI is an important challenge in low
frequency radio astronomy and it will be discussed for LOPES and LORUN
below.
1.6.2 Analysis
Short pulses in time have a broad spectrum in frequency and vice versa. There-
fore removing pulses in time and narrow-band components in frequency is an
efficient way to reduce the added power from unwanted signals. However, the
removal of RFI has to be done carefully, not to reject any signal of interest.
LOPES and LORUN are sensitive to signals in the frequency band from
40 MHz to 80 MHz. Fig. 1.12 shows a dynamic spectrum of LOPES in the
mentioned band on 2004-03-25. The first spectrum was recorded at 11:19 AM.
Since LOPES records on average a 1 ms event per half a minute, the dynamic
spectrum has a resolution in time of that order. Every spectrum is calculated on
1 ms of time-series data and is plotted with a frequency resolution of 10 kHz. The
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Figure 1.11: First wide field image produced with 29 hours of data recorded with
CS1 on February 23/24 2007. Cyg A is the second brightest source in the sky,
and is visible on the right hand side of the image. The image is centered on Cas
A and the visible pole is the celestial North Pole. Cas A, the brightest radio
source in the sky with 20000 Jy and was removed from the image (courtesy of
Sarod Yatawatta).
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intensity in the plot is the average spectral power of 10 antennae. In this plot,
bright horizontal narrow-band lines indicate RFI. The bright emission starting in
the morning and lasting until about 18:00 in the evening from 71 MHz to 76 MHz
is believed to be originating from intermodulation products in the LNA of signals
from FM radio broadcasting with short-wave transmitters. A remarkable change
in the RFI over time occurred after a PC with a disturbing power supply was shut
down. As shown in the plot, the emission pattern from 45 MHz to 57 MHz until
16:00 disappeared. In other dynamic spectra, many RFI lines disappeared, when
the KASCADE experiment was not operative, but a trigger was still received.
These spectral RFI lines are stable over time, as can be seen in the power
spectrum of Fig. 1.13 integrating the dynamic spectrum from 2004-03-27 over
time. The effective integration time is ∼ 2.3 s. In the passband of LOPES from
45 MHz to 76 MHz, the spectrum shows one line about each MHz originating
from the RFI environment of LOPES at the Forschungszentrum in Karlsruhe.
Most of these lines are generated by the electronics of local experiments. The
spectral occupancy amounts to 10% of all frequency bins containing more power
than the root-mean-square of the spectrum.
At 62.19 MHz lies the video-signal of a TV-station, used by the German
channel ARD and its two audio-carriers lie at 67.93 MHz and 67.69 MHz. Fil-
tering the video-signal in a range of 400 kHz bandwidth (Fig. 1.14), the power in
time was reduced by five orders of magnitude. Fig. 1.14 shows the filtered and
unfiltered smoothed spectrum of a 1 ms LOPES event of one antenna with a res-
olution in frequency of ∼ 1 kHz, and Fig. 1.15 shows the smoothed and squared
Voltage-traces with a sample-time resolution of 12.5 ns of a single antenna be-
fore and after filtering the video-signal from the TV-transmitter. The unfiltered
trace shows peaks at a period of 64 µs coinciding with the line refresh-rate of
15.625 kHz of the video-signal. The filtered trace is scaled for comparison and
not containing the periodic peaks, which confirms the TV-signal as the origin.
1.6.3 Mitigation
The two prototype stations are located in two totally different environments and
therefore the sources of the RFI are different as well. The challenge to deal with
the received RFI starts in choosing a radio-quiet site. The LORUN antennae
were place on top of the building of the Radboud University Nijmegen exposing
them directly to all kind of transmitters, even down to negative elevations. We
managed to reduce some of the detected power from RFI by hiding the antennae
behind higher parts of the building, not to bee seen by transmitters on another
building at 500 m distance. Furthermore, we performed digital filtering on the
off-line data to reject the signal of the TV-transmitter, which reduced the noise
level sufficiently for the detection of high-energy cosmic-ray air showers in the ra-
dio. In the case of LOPES, the antennae were placed at the Forschungszentrum
Karlsruhe being surrounded by four particle detectors at a distance of 6.5 m
each. The RFI produced in the near-field of the LOPES antennae could only be
slightly reduced by covering the detector huts with wire-mesh fence for shielding
and installing ferrite-rings on the signal cables and power cables of the detectors
for the suppression of unwanted currents. Besides digital filtering, in the case of
LOPES, we implemented digital beam-forming in the analysis software to sup-
press the emission from RFI and the particle detectors coming from the horizon.
The digital beam-forming phases the antenna signals by adding them shifted
with a delay for the direction of interest proportional to their relative distance.
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Figure 1.12: Dynamic spectrum of all recorded LOPES events on 2004-03-25.
Horizontal structures are RFI.
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Figure 1.13: Frequency spectrum of LOPES displaying spectral power density
in decibel. The power was obtained by squaring and averaging the result from
the FFT of the voltage measured by 10 antenna. The spectrum was calculated
on all 2855 events recorded on 2004-03-27, integrating about 2.3 s.
This suppresses signals received by the antennae coming from directions outside
the main beam. This method is described in detail in Section 1.7.3 on page 25.
1.7 Signal processing
The main improvement for the new generation of radio telescopes, such as LO-
FAR, is the fast digitization and the flexible signal processing thanks to powerful
computers. Instead of expensive dishes, many simple dipole antennas are used
to receive the signal of interest on a large area. The analog signals are amplified,
filtered, digitized, and correlated inside a very fast computer. In this section, the
technique of digital filtering and digital beam-forming are explained. Further-
more, the basic data monitoring by daily dynamic spectra and the data archiving
for LOPES data is presented.
1.7.1 Frequency filtering
The recorded and digitized signals from the radio antennae are filtered in the
frequency band of interest by the electronics. The obtained filtered time-series
can be analyzed and further filtered in the frequency domain by applying a
discrete Fourier transform. The application of a Fast Fourier Transform (FFT)
calculates the amplitude and phase for all frequency channels up to half of the
sample rate, with a width for each frequency bin determined by the number
of analyzed samples. Therefore, the more time-samples N are processed by
the FFT, the finer the frequency resolution becomes. However, the number of
computations increases as N logN , and therefore, splitting the time-series in
small blocks minimizes the amount of computations needed.
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Figure 1.14: Frequency spectrum of LOPES computed on 216 samples (∼ 1 µms)
of one antenna displaying the spectral power density in decibel. The peak at
62 MHz is the carrier signal of a TV broadcasting station, which was filtered out
with a bandwidth of 400 kHz.
Figure 1.15: Smoothed time domain power of a single dipole computed on 216
samples. The power is in decibel. The unit of the time axis is in microseconds
with a time resolution of 12.5 ns. The recurrent peaks spaced by 64 µs (upper
curve) represent the refresh-rate of a TV-broadcasting station at 62.19 MHz.
After filtering the signal of the video-carrier of the TV-transmitter, the periodic
peaks are gone and only the background noise and the pulse from the cosmic-
ray air shower close to the trigger-time at zero are left (lower curve, scaled and
shifted in power for comparison).
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Hanning and Hamming window functions
The splitting of the antenna time-series in blocks requires the application of a
window in the frequency domain with a defined shape. The simplest shape is
a rectangular window with constant values inside and zero values outside of its
limits. However, transforming for example a time-limited cosine function to the
frequency domain introduces non-zero values at its neighbouring frequencies,
which are needed to synthesize the sharp cut-off. These higher order frequencies
and harmonics are called leakage.
The leakage is the largest for a rectangular window and it is reduced for any
other window function. Many different cosine-like window-functions have been
developed to reduce the leakage in the frequency domain (Harris 1978). The
Hanning window (by Julius von Hann) and the Hamming window (by Richard
Hamming) are the most common ones, since they result in the best combination
of frequency resolution and leakage. They mainly differ in the value for the
factor α of their window function:
w (x) = α− (1− α) cos (2pix/N) (1.3)
Here w are the weights of the window function, x is the index number of the
value in the signal data block with the length N , and the factor α is 0.5 for the
Hanning window and 0.53836 for the Hamming window, respectively.
Digital filtering and RFI suppression
In the frequency domain, the antenna signals can be digitally filtered on a single
frequency bin basis. This enables one to extracted a subband with an accu-
racy of the frequency resolution by down-weighting all frequency bins outside
the band of interest. Furthermore, radio frequency interference (RFI) can be
rejected by down-weighting the amplitude of single frequency bins containing a
large power compared to the average power of the spectrum. We applied this
method systematically to all frequency bins lying more than a multiple of a stan-
dard deviation above the average in several iterations. The number of standard
deviations and the number of iterations depend on how drastically narrow-band
lines had to be removed.
The obtained cleaned spectrum is transferred back to time by inverse FFT
or it is combined with spectra of other antennae for beam-forming described
in the next two Sections 1.7.2 and 1.7.3. The construction of a beam-formed
time-series on several antenna signal is described in Section 1.7.3 on page 27.
1.7.2 Geometrical signal delays
A wave front from a source in the sky is first measured by one particular an-
tenna and with individual time delays by all other antennae. These delays are
calculated as the difference in light travel time between antenna pairs for the
direction of the incoming wave front. The geometrical delay is given by:
τi =
1
c
di. (1.4)
Here τi is the delay in signal arrival time between the antenna position ~xi and
the reference antenna or reference point ~xr. Further, di is the distance between
the antenna and the wave front (Fig. 1.16) determined by the dot product of
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Table 1.5: Time delays for the extreme baselines of the telescopes LOPES, ITS
and LOFAR.
Instrument LBA Pol. Baselines Delays
N Nb bmin bmax τmin τmax
LOPES 10 1 45 26 m 130 m 87 ns 0.4 µs
30 1 435 - - - -
ITS 60 1 1770 5 m 186 m 17 ns 0.6 µs
30 2 435 - - - -
LOFAR 50×48 2 1225 5 m 50 km 17 ns 0.2 ms
LBA stands for Low Band Antenna, which is sensitive to frequencies from
10 MHz to 80 MHz. The sample time of the ADCs is ts = 12.5 ns for LOPES
and ITS, and ts = 6.25 ns or ts = 5 ns for LOFAR. Further, τmax = 1c bmax
is the maximum delay for the maximum baseline and Nb = 12 N (N − 1) is the
maximum possible number of antenna combinations, where N is the number of
antennas or stations, respectively. The more different baselines in direction and
length can be formed, the better is the imaging capability of an interferometer.
In the case of LOFAR, the real number of baselines will be lower, since sub-beams
are formed on station level and will be combined in the central correlator.
the antenna baseline vector ~bi = ~xi−~xr and the normal vector of the wave front
coming from the source ~ns:
di = ~bi · ~ns =
 yixi
zi
 ·
 xsys
zs
 =
 yixi
zi
 ·
 cosφ cos θsinφ cos θ
sin θ
 . (1.5)
In the sky coordinate system, θ is the elevation angle and φ is the azimuth
angle. The phase delay τi is positive for a signal arriving at ~xi (antenna position)
later than at ~xr (reference position). Maximum delays for LOPES, ITS and
LOFAR and their respective maximum baselines are shown in Table 1.5.
1.7.3 Digital beam-forming
For digital beam-forming, the signal received at each antenna element is digitized
first and then combined in a computer by software. Using antenna elements
that are sensitive to almost the whole sky, this technique allows one to observe
several sources in the sky by forming multiple beams on the same data stream
simultaneously.
Beam-forming methods
A beam is a three-dimensional sector around a telescope representing its sen-
sitivity as a function of direction. The beam of a single dipole antenna covers
about two-thirds of the whole sky, a radio dish has a fixed primary beam size and
shape, but a telescope consisting of several antennae or dishes can form beams
of different size, shape and in different directions by combining different groups
of elements with a particular set of antenna delays (Thompson et al. 1986).
A beam is obtained by coherently combining the antennae for a signal coming
from a certain direction. Note that it is important to preserve the phase of the
measured signal in the detection system. Therefore, no squaring operation is
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Figure 1.16: The 2D plot shows the difference in distance dz which a signal has
to travel coming from a source at a zenith angle ϑ (adapted from Thompson
et al. 1986,p42, Fig. 2.2).
performed before the beam-forming process. The signal of all antennae has to be
shifted by a delay with respect to a reference antenna or point (see Section 1.7.2
on page 24).
Shifting can be done in the time domain by delays:
fi(t) = f ′i(t+ τi) (1.6)
or in the frequency domain by a phase gradient:
F (ν) = F ′i (ν) e
−j2piντi . (1.7)
Here f is the shifted signal in the time domain as a function of t, F is the
shifted signal in the frequency domain as a function of ν, and τ is the time delay
for the i-th antennae.
The data can be combined by either adding the shifted antenna signals (field
strength beam) or by cross-correlation of the shifted signals from all antenna
pair combinations (cross-correlation beam). Here below the different types of
beams are described.
The field strength beam (f-beam) is obtained by the sum of the shifted an-
tenna signals fi divided by the number of antennae N :
Sf =
1
N
N∑
i=1
fi. (1.8)
The antenna power beam (p-beam) is obtained by the sum of the square of
the shifted antenna signals fi divided by the number antennae N :
Sp =
√√√√ 1
N
N∑
i=1
f2i . (1.9)
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The p-beam is also the square root of the average of the antennae auto cor-
relations and thus it is sensitive to the total power received by the antennae,
independent of the coherence of the signal.
The cross-correlation beam (cc-beam) is given by the square root of the sum
of all cross-correlated antenna pair signals while preserving the sign:
Scc = ±
√√√√∣∣∣∣∣ 1Nb
Nb∑
b=1
(fi f∗j )b
∣∣∣∣∣ (1.10)
Here Nb = 12 Nants (Nants − 1) is the number of baselines (antenna pair
combinations). The advantage of the cc-beam, compared to the p-beam, is that
only the coherent signal is preserved and background noise from outside the beam
is strongly attenuated, since auto-correlation terms are not taken into account.
The cross-correlation beam returns the absolute value of the signal in the
beam, whereas for the simple averaging beam the phase is preserved.
In the search for coherent radiation, the coherent contribution from sources
in single antennae can be reduced by weighting the cc-beam with the p-beam:
Sx = Scc ×
∣∣∣∣∣ S
′
cc
max
(
S′p, Pmin
) ∣∣∣∣∣ (1.11)
The cc-beam Scc is weighted by the absolute value of the fraction of the
cc-beam S
′
cc (reduced by the zero offset) and the p-beam S
′
p (reduced by the
zero offset and limited to a minimum power Pmin to avoid divisions by zero).
Forming the x-beam Sx biases the signal of the cc-beam Scc against incoherent
noise and helps to identify coherent pulses.
Beam-formed time-series
Since computer memory is limited, the beam-forming cannot be applied to arbi-
trarily big time windows. Furthermore, the computation time of the Fast Fourier
Transform (FFT) increases as N logN , with the number of digital samples N .
Thus, subdividing the antenna data in separate blocks is more efficient. This
requires some extra care for the reconstruction of the beam-formed time-series,
which is displayed in Fig. 1.17. The first line shows the division of the antenna
time-series in consecutive blocks. However, for the correct reconstruction, the
blocks have to overlap with a certain stride.
In the beam-forming process, the antenna data are shifted by geometrical
delays, as described in Section 1.7.3 on page 25. Therefore, the start and the
end of each beam-formed block will not contain data of each antenna and thus,
they become undefined. For the resulting beam-formed time-series only the
middle part of the beam-formed blocks is used.
The stride (overlap) between two blocks is obtained by the sum of the maxi-
mum negative delay of the previous block and the maximum delay of the follow-
ing block: τ12 = τ(t2)pos − τ(t1)neg. For a constant beam direction these delays
remain constant, but for a changing beam direction the delays and therefore the
stride is changing with time as well. The maximum possible stride is twice the
maximum light-travel time for the longest baseline of the telescope. By limiting
the source position to be above 45◦ in elevation the stride can be reduced by
29% and thus the amount of overhead in processed data. Ultimately, the stride
PhD thesis: Fast Flashes observed with LOFAR prototypes
28 Introduction
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 1.17: Flow chart for construction of the beam-formed time-series by block-
ing. Antenna: The time-series of each antenna is subdivided into two consecutive
blocks. Blocking: The two blocks have to overlap by a certain stride. Beam-
forming: The blocks of each antenna are shifted according to their distance to
the reference antenna and the direction to the source. Reconstruction: The start
and the end of each beam-formed block will not contain data of each antenna and
thus, the edges become undefined. Time-beam: For the resulting beam-formed
time-series only the middle part of the beam-formed blocks is used and the edges
are discarded.
can be calculated with the exact maximum positive and negative delay for each
data block, to achieve optimized beam-tracking of a source.
The discussed methods to pre-process raw antenna data and to form a beam
enable the production of power curves, power spectra, skymaps, dynamic spectra
and the correlation of the signals (see next section).
1.7.4 Signal correlation
The data sets from two antennae can be analyzed for their quantitative agree-
ment by multiplication. The resulting products show the correlation of the data
sets for a given time lag or time delay between them. The lag is zero, in case
the two data sets are not shifted with respect to each other. The larger the
coherence and the larger the signal strength, the bigger is the sum of the prod-
ucts and the more the two signals correlate for the applied lag. If the sum is
zero, the two signals are not correlated. The sum can also be negative, which
indicates anti-correlation of the data sets. The sum of the signal products is usu-
ally normalized to one and is called cross-correlation coefficient. The calculation
of these correlation coefficients for all possible lags returns a maximum at the
lag for the best correlation. The correlation of two different data sets is called
cross-correlation and is discussed in detail in Appendix B.
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1.7.5 Data monitoring
1.7.6 Storage and archiving
In the scope of this thesis work, a processing and storage unit for LOFAR data
was installed at the Radboud University Nijmegen, the science center for cosmic
rays. Since autumn 2003, about 3 GB of LOPES event data have been trans-
ferred daily via the Internet from Karlsruhe, Germany, to the data storage in
Nijmegen which contains about 2 TB of disk space. The data are compressed in
Karlsruhe and stored locally as well. In October 2004, we upgraded the storage
unit to 7 TB of disk space. Since the upgrade of LOPES from 10 antennae to
30 antennae, 10 GB of data in several thousand event files have been received
daily. The data are extracted and archived in directories which are sorted by
year, month and day, which allows scripts to find the data with their date. A
data log is available online, where the number of files and the amount of data
received per day is listed8. Meanwhile, almost 7 TB of LOPES data have been
recorded in more than three million event files (see Appendix D.1). The data
are accessible to all LOPES users, who can log on the servers. The data can
be accessed from several computing units for processing. Furthermore, we run a
CVS9 repository on the master server, which includes all the software developed
or under development for data processing. The CVS allows users to get their own
version of the processing software and to modify it for individual data reduction.
The CVS-repository is now being integrated into the SVN10-repository of the
LOFAR user software group (LOFAR/USG11) to make our software available to
the whole LOFAR community.
8www.astro.ru.nl/anigl/datalopes.html
9Concurrent Versions System, www.nongnu.org/cvs/
10Subversion project, subversion.tigris.org
11usg.lofar.org

Chapter 2
VLBI observations of Jupiter
with the Initial Test Station of
LOFAR and the Nançay
Decametric Array
A. Nigl, P. Zarka, J. Kuijpers, H. Falcke, L. Bähren, L. Denis
(VLBI part published in A&A, 471:1099-1104, accepted on 2007-05-31)
Abstract. We performed high-resolution observations across intra-
continental baselines with the next generation of low-frequency radio telescopes
despite the presence of ionospheric disturbances. Jupiter’s strong burst emission
is used to perform broadband full signal cross-correlations on time intervals of
up to hundreds of milliseconds. Broadband VLBI observations are performed at
about 20 MHz on a baseline of ∼50000 wavelengths to achieve arcsecond angular
resolution. The electronics of LOFAR’s Initial Test Station (LOFAR/ITS, The
Netherlands) and of the Nançay Decametric Array (NDA, France) digitize the
measured electric field in a 40 MHz baseband with 12 bits and 14 bits dynamic
range. The bandwidth and time resolution of the presented measurements is
about 10 times better than obtained before. With the linear dipoles of ITS, we
observe the Faraday effect in the signal received from Jupiter. The Faraday rota-
tion is found to be mainly caused by the Earth’s ionosphere, which allowed us to
determine rotation measures and dispersion measures within 30% of values pro-
vided by the global positioning system. Strong emission from Jupiter is detected
during snapshots of a few seconds and detailed features down to microsecond
time-scales are identified in dynamic spectra. The fine structure in Jupiter’s sig-
nal is used for data synchronization prior to correlation on the time-series data
and correlations of Jupiter’s burst emission returned strong fringes on microsec-
ond to millisecond time-scales over bandwidths as narrow as tens of kilohertz.
Long baseline interferometry is confirmed at low frequencies, in spite of phase
shifts introduced by variations in ionospheric propagation characteristics. Phase
coherence in Io-DAM emission from Jupiter is preserved over hundreds of mil-
liseconds for a baseline of ∼700 km. No significant variation with time is found
in the correlations and an estimate for the fringe visibility of unity suggested
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that the source is not resolved. The upper limit on the source region size of
Jupiter Io-B S-bursts corresponds to an angular resolution of ∼4 arcseconds.
Adding remote stations to the LOFAR network at baselines up to a thousand
kilometers will provide a 2 times higher resolution down to an arcsecond.
2.1 Introduction
A new era of low-frequency telescopes is about to enter astronomy. LOFAR is anew-generation digital telescope and already its prototype ITS (Initial Test
Station) is capable of performing broadband and phase-sensitive interferometry
with high angular, time and frequency resolution. In this paper, the nature of
Jupiter’s burst emission is studied at low frequencies (< 40 MHz). We performed
VLBI-type correlations on a baseline of ∼50000 wavelengths and studied over
which bandwidth and time-scales coherence is preserved or can be reconstructed,
in spite of ionospheric propagation effects causing phase variations.
Jupiter’s radio emission was discovered at a frequency of 22.2 MHz in 1955
by Burke & Franklin. Since 1964, it has been known that Jupiter’s decametric
emission (DAM) is modulated by the position of Io (Bigg 1964). Io-DAM in-
cludes burst emission at different time-scales. Very short bursts (S-bursts) with
a duration of some milliseconds were first reported by Kraus (1956) and Gallet
(1961).
After four decades of studies, the nature of Jupiter’s DAM is still not fully
understood, since size, location and development of the emitting sources are not
known. High angular, time and spectral resolution measurements are necessary
to study the emission mechanism; therefore long baseline interferometry has been
performed since 1965 on baselines up to more than 7000 km, setting an upper
limit on the source size of 0.05 arcseconds (Lynch et al. 1972). Most of this
work was done in the sixties and seventies using narrowband analog recording
techniques and 1 bit baseband digitization by Slee & Higgins (1965), Douglas
& Smith (1967), Dulk et al. (1967), Brown et al. (1968), Dulk (1970), Stannard
et al. (1970), Lynch et al. (1972,1976). Later Phillips et al. (1986, 1987) found
a first indication for source growth during long bursts (L-bursts) from smaller
than 10 arcseconds up to 60 arcseconds.
The emission mechanism of Jupiter’s DAM modulated by Io is believed to
be maser emission at the local cyclotron frequency, which is described in Section
2.2 below. For the following analysis, Jupiter was observed with the two radio
telescopes LOFAR/ITS (the Initial Test Station of LOFAR in The Netherlands)
and NDA (the Nançay Decametric Array in France), which are described in Sec-
tion 2.3 on page 34. In the data of ITS, Faraday rotation was identified, which
allowed to determine ionospheric total electron content (TEC) values with an
accuracy better than provided by the Global Positioning System (GPS). Iono-
spheric characteristics and propagation effects are discussed in Section 2.4 on
page 38. The later discussion forms the basis for correlations of simultaneous
data recorded with both telescopes, which are described in Section 2.5 on page 49
and which are discussed in Section 2.6 on page 56. Correlations were performed
on fine structures in dynamic spectra for millisecond synchronization and on the
time domain data to demonstrate long baseline interferometry with a prototype
of LOFAR despite signal distortion introduced by the Earth’s ionosphere.
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2.2 Emission mechanism
Jupiter’s strong decametric emission is produced below 40 MHz, limited by
the maximum electron gyrofrequency at Jupiter’s surface. The lower limit for
ground-based observations is set by the plasma frequency of the Earth’s iono-
sphere between 5 MHz and 10 MHz (see Fig. 2.1).
Io is the innermost Galilean satellite at an average radial distance of 5.95
Jupiter radii and an orbital period of 1.77 Earth days. This moon is the most
volcanically active body in our solar system and therefore the source of much
of the heavy ion plasma filling Jupiter’s magnetosphere (Carr et al. 1983). Io’s
volcanoes eject about one ton per second of (mainly) sulfur compounds such as
SO2 in Jupiter’s magnetosphere. The expelled plasma becomes ionized and fills
a torus-shaped cloud, with a radius of 5 to 7 times the radius of Jupiter, in which
the electron density can reach a value of 2000 cm−3. This cloud is called the Io
plasma torus (IPT) (Thomas et al. 2004). The motion of Io through Jupiter’s
super-rotating magnetosphere creates a leading wake of magneto-hydrodynamic
perturbations. The relative motion between Io and the faster rotating magneto-
sphere (9.93 hours) develops a large net electromotive force (400 kV), producing a
current of about 10 million ampères in the so-called Io flux tube (IFT) described
in Neubauer (1980). This current is thought to be carried by Alfvén waves, which
can develop a parallel electric field providing acceleration of electrons from the
surrounding Io plasma along Jupiter’s field lines towards the planet. The elec-
trons propagate adiabatically along the IFT and they are partially reflected by
the converging field lines near the planet at high magnetic latitudes. The elec-
tron distribution at the reflection point forms a loss-cone distribution. The latter
is unstable to the direct production of electromagnetic waves by wave-particle
interaction, which in this case is called the cyclotron maser instability (CMI)
(Wu & Lee 1979). The CMI produces emission close to the local non-relativistic
cyclotron frequency (Ellis 1974):
νce =
eB
2pime
= 2.8×B MHz
G
. (2.1)
Here νce is the cyclotron frequency in megahertz, e is the electron charge, me
is the electron mass, and B the magnetic field strength in Gauss at the emission
point. The magnetic field strength at Jupiter’s North pole peaks at 14 G (Lewis
1997), which corresponds to an upper cyclotron frequency limit of 40 MHz.
A negative observed frequency drift of the Jovian burst emission in the time-
frequency plane indicates motion to higher altitudes, where the magnetic field
strength is smaller. The drift rate is almost zero at the reflection point, which is
close to the surface cyclotron frequency (Zarka 1996). The emission is beamed
into a thin hollow cone with its axis parallel to the local magnetic field. The
hollow cone has a half-angle of 60◦ to 90◦ relative to the local magnetic field
direction and has a cone wall thickness of a few degrees (Kaiser et al. 2000).
This emission can be detected on Earth when the line of sight of the observer
coincides with the wall of the hollow cone.
The emission arrives in noise storms called L-bursts and in narrow millisecond
bursts called S-bursts. For S-bursts a complex microstructure at typically ∼40
µs period and ∼30 kHz bandwidth has been observed. These sub-burst wave
packets have been attributed to clouds of electrons moving along the IFT (Carr
& Reyes 1999).
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Figure 2.1: Spectra of Jovian radio components [10−26 W m−2 Hz−1 = 1 Jy].
From left to right, the plot shows hectometric (HOM) and decametric cyclotron
emission (DAM) [solid]. The latter is a superposition of auroral [dashed] and
Io-induced emission. Impulsive S-bursts are indicated with arrows. Decimetric
emission (DIM) is synchrotron emission from Jupiter’s radiation belts. (Zarka
2004)
Jupiter’s DAM emission is strongly elliptically polarized. The signal at fre-
quencies near 20 MHz is on average 49% circularly and 87% linearly polarized
(Shaposhnikov et al. 1997, Queinnec & Zarka 2001). The polarization direction
of the circular component is dependent on the viewing angle between the di-
rection of the magnetic field at the radiating source and the line-of-sight to the
observer.
In the following sections, the telescopes will be described, which were used
for the simultaneous observations.
2.3 Radio telescopes
2.3.1 ITS
LOFAR’s Initial Test Station was located at the core site of LOFAR near the
village of Exloo, The Netherlands, and consisted of 60 inverted-V-shaped dipole
antennae distributed over five spiral arms. The ITS antennae were tuned to
the lowest LOFAR frequency band from 5 MHz to 35 MHz, which matches the
emission band of Jupiter-Io emission.
The final LOFAR telescope will eventually consist of more than ten thousand
antennae grouped into stations. The total bandwidth from 10 MHz to 240 MHz
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will be covered by two different antenna types: a low band antenna (LBA) for
frequencies below 80 MHz, and a high band antenna (HBA) from 110 MHz to
240 MHz. Below 30 MHz the gain of the low band antennae is reduced and a
switchable high pass filter allows one to observe down to 10 MHz or 30 MHz.
The LOFAR electronics is designed to accommodate a third type of antenna,
which could cover frequencies below 30 MHz to have better sensitivity and an
optimized bandwidth for Jupiter observations. With a maximum baseline of
about 50 km between stations, all these antennae will provide LOFAR with an
arcsecond angular resolution and millijansky sensitivity. Each dipole signal will
be amplified in a low-noise amplifier (LNA), filtered in frequency and digitized
(Falcke et al. 2006).
In the case of ITS, high performance analog-to-digital converters (ADCs)
with a dynamic range of 12 bits, supply a rate of 80 million samples per second.
The sample rate results in a time resolution of 12.5 ns and a data rate of ∼160
MB per second and dipole. Four ADCs are mounted on two TIM-boards (twin-
input module) which are accommodated in one of the 16 standard PCs in the
data acquisition (DAQ) container. The TIM-boards can handle two digital data
streams and store each stream in 1 GB of RAM. The amount of RAM limits the
DAQ to 6.7 s. From 2005 on, 30 antennae accommodated two orthogonal dipoles,
and measured dual polarization. Each antenna detects the whole sky with a
primary beam of about 90◦ full-width-half-maximum (FWHM) centered on the
zenith. Using digital beam-forming the array can be simultaneously pointed at
several sources in the sky. For ITS, the digital beam-forming was performed
off-line and is described in Section 2.4.2 on page 44. Due to a missing spectral
and directional polarization calibration of the measured dipole signals, only the
set of parallel dipoles in East-West direction was analyzed and cross-correlated,
since it received more signal power in the beam in direction of Jupiter. The
absolute timing of ITS was updated with the Network Time Protocol (NTP).
At a wavelength of 10 meters (30 MHz) and for the maximum baseline of
ITS of 180 meters, the beam size at the zenith results in an angular resolution
of 3◦.
Fig. 2.2 shows ITS in the field, and Fig. 2.3 displays its layout indicating
the antennae positions. The antennae were placed logarithmically spaced on five
spiral arms, which improves the imaging capability of the telescope. More detail
on LOFAR and its test stations can be found on the website of the project1.
Additionally, a formulation of a science case with long baselines by extremely
remote LOFAR stations is described by Vogt (2006).
2.3.2 NDA
The Nançay Decametric Array2 is a phased array made up of 144 antennae. Each
antenna consists of eight conducting wires (monopoles) wound up on vertical
support cables forming a conical surface. Each opposite pair of monopoles is
connected as a spiral dipole. The array is split in two groups of 72 left-handed
and 72 right-handed wound antennae to measure circularly polarized radio waves.
All 72 antennae of one cluster measure the same polarization direction and can
be phased up with an analog beam-former.
The receiver used for the observations in 2005 provides the same type of data
as ITS; by sampling in the first Nyquist zone with 80 MHz over a frequency band
1www.lofar.org
2www.obs-nancay.fr/dam
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Figure 2.2: Some antennae of LOFAR’s Initial Test Station (LOFAR/ITS) in the
field at Exloo, The Netherlands. Each pyramidoidal PVC structure contains two
antenna cables which form two dipoles in the opposite legs and are connected to
a LNA in the box on top. A coax-cable exiting the antenna top box is hanging
down to the ground and allows power supply and data flow to the data acquisition
unit.
from 8 MHz to 40 MHz. One DAQ board (Signatec PDA14) was used for the
digitization. This board accommodates a 14 bits ADC and it is inserted in a
powerful PC, which allows continuous DAQ of a stream of 80 million samples
per second. These data are written as short integers (16 bits) to disk. The
receiver allows full signal detection below 40 MHz (a low-pass filter at 40 MHz
and high-pass filter at 8 MHz, 16 MHz or 24 MHz are used) without use of a
local oscillator for frequency down conversion.
The sample rate for digitization was provided by an external clock at 80
MHz. Additional relative time reference was provided by the GPS time signal
controlling a noise generator, which was adding intense broadband noise to the
analog signal for 5 milliseconds every second. The pulses started exactly at round
seconds of the GPS time with an accuracy much better than a microsecond. The
time information provided by a French radio time service was used to correct for
a difference between the GPS tags and the actual time in UTC (Universal Time
Coordinated). With this accuracy and seven consecutive pulses in the NDA data,
the sample frequency was measured to be (79999998± 0.5) samples per second.
Thus, the timing of the NDA signal samples drifts no more than12.5 ns s−1 or
one sample per second.
A full description of the array can be found in Boischot et al. (1980). Fig.
2.4 shows a photo of the conical antennae of NDA covered with snow.
2.3. Radio telescopes 37
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 2.3: Layout of active dipoles of LOFAR’s Initial Test Station (LO-
FAR/ITS) as it was used for the observations discussed in this paper. The
positions of the antennae are indicated by the numbered circles. The antennae
are placed logarithmically spaced on spiral arms, which improves the imaging
capability of the telescope. The (black) rectangle in the middle denotes the
position of a container accommodating the receivers and digitization hardware.
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Figure 2.4: The photo shows the Nançay Decametric Array (NDA), 200 km
south of Paris.
2.4 Observations
The spectral power density received at both telescopes from a beam in the direc-
tion of Jupiter is plotted in Fig. 2.5. The Jupiter signal was observed between
22 MHz and 30 MHz, where only a few narrow band lines contaminate the spec-
tra. Below 20 MHz strong radio frequency interference (RFI) is dominating the
spectra and above 30 MHz the bandpass filter of ITS rolls off.
The simultaneous datasets were taken during periods of Jupiter burst emis-
sion triggered by NDA (see Appendix D.2 on page 131). Simultaneous Jupiter
snapshots of 6.7 s (1 GB) at ITS and 20 s (∼3 GB) at NDA were recorded. In the
snapshot from 2005-11-30 at 07:15:12 UTC strong S-bursts have been detected,
which were analyzed here. The trigger was manually executed at NDA while
monitoring the real-time display of NDA for actual burst activity. The real-time
monitor produces and displays dynamic spectra at a rate of one spectrum per
second. The monitor can also be found online with a 30 second refreshment
time3. The day and time of observation were selected from NDA’s monthly
probability plots 4, as shown for November 2005 in Fig. 2.6. In this Figure, the
dominant Jovian source regions are indicated with letters, which are listed and
described in Table 2.1.
In the following sections the geometrical configuration of Jupiter, Sun and
Earth is discussed, as well as the dominating propagation effects Faraday rotation
and dispersion.
3www.obs-nancay.fr/dam/dam_visu.html
4www.obs-nancay.fr/dam/dam_proba.htm
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Figure 2.5: Full spectra of the NDA (top) and of LOFAR/ITS (bottom). The
spectra have a spectral resolution of 1.2 kHz and are integrated over 6.7 s. The
interesting part for Jupiter observations is the band between 22 MHz and 30
MHz since below 22 MHz strong RFI is present and above 30 MHz the bandpass
filter of ITS rolls off. For comparison, the two curves are shifted vertically with
respect to each other.
Table 2.1: Names and positions of the four Io-DAM emission source regions,
witch their position, the maximum observed frequency in megahertz and their
dominant circular polarization (Carr et al. 1983). The central meridian longitude
(CML) refers to Jupiter’s system III (1965). At a CML of 200◦ the magnetic
axis of Jupiter points in the direction of the Earth (Dessler 1983).
Source Source CML Range Io Phase Range Max. Freq. Polar.
Region Descr. [◦] [◦] [MHz]
Io-A N-E 200-270 205-260 38 RH
Io-B N-W 105 - 185 80-110 39.5 RH
Io-C S-E 300-20 225-260 36 RH&LH
Io-D S-W 0-200 95-130 18 LH
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Figure 2.6: This plot shows the date and time of increased probability for the de-
tection of Io-induced radio emission at the site of the Nançay Decametric Array
(NDA) for November 2005. The axes show the Io-phase, which is counted coun-
terclockwise from the anti-observer direction, versus observer’s central meridian
longitude (CML), see Fig. 2.8. The diagonal dotted lines indicate during what
period of the day Jupiter was visible. This time window is within ±4 hours of
the meridian transit at NDA, which is indicated with the time at the center dot
of each line. The day number can be found at the bottom left of each line. The
big dots on the lines mark one hour intervals and the small ones six minutes
intervals. The source regions (Io-A, Io-B, Io-C, Io-D) are indicated with solid
lines and the dashed subregions show periods of increased S-burst probability
determined from the history of observations performed with NDA in the years
1988 to 1990 (Leblanc et al. 1993). The shaded areas in the source regions A
and B indicate periods of increased probability for emission above 32 MHz.
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Figure 2.7: Jupiter-Io configuration as seen from Earth, showing face-on the
Jupiter-Io configuration for the Io-B emission source region. The latitude δ = 65◦
indicates the position of the auroral source region. Between the rotational axis
~Ω and the magnetic axis ~B lies an angle of 9.6◦. The torus lies in the centrifugal
equator, which is tilted with respect to the orbit of Jupiter and Io by an angle
of 6.4◦.
2.4.1 Jupiter configuration
The geometry of Jupiter and Io during observation of 2005-11-30 07:15:12 UTC is
pictured in Fig. 2.7. It shows the orientation of the plasma torus with respect to
the rotational and magnetic axes of Jupiter for the Io-B emission source region.
The torus lies in the centrifugal equator, which is tilted with respect to the
orbit of Jupiter and Io by an angle of 6.4◦. The angle between the rotational
axis ~Ω and the magnetic axis ~B is 9.6◦. At the time of the observation, Io
was on the east side of Jupiter as seen from Earth, at a phase of φIo ∼ 90◦.
Jupiter’s magnetic axis was tilted in Io’s direction, which translates to a Jupiter
central meridian longitude of CML = 122◦, calculated with the JPL Ephemeris
Generator5. The CML increases with Jupiter’s rotation. The Io phase refers
to the superior geocentric conjunction (SGC) of Io behind Jupiter as seen from
Earth and follows the orbit of Io (see Fig. 2.8). Electromagnetic radiation can be
detected on Earth, when the wall of the thin and hollow emission cone intersects
with the line of sight to the observer (Fig. 2.96).
5ssd.jpl.nasa.gov/cgi-bin/eph
6This figure was created with the “Persistence of Vision (TM) Ray-tracer” (POVRAY,
www.povray.org)
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Figure 2.8: Configuration of Jupiter, Io and Earth on 2005-11-30 07:15:12 UTC,
showing Jupiter CML and Io phase (φIo). Here ~Ω indicates the rotational axis
and ~B is the magnetic axis.
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Figure 2.9: Jupiter-Io configuration for the Io-B emission source region. Jupiter
burst emission can be detected on Earth, when the wall of the thin and hollow
emission cone intersects with the line of sight to the observer. The emission cone
originates at the source region close to Jupiter’s surface on the leading magnetic
field line of the IFT.
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2.4.2 Dynamic spectra from ITS and NDA
Both telescopes recorded the full signal during overlapping periods. From NDA
the digitized output of the analog-formed beam in the direction of Jupiter was
received. ITS stored the raw digitized data for all antennae dipoles. Total inten-
sity was not calculated due to uncertain relative gains of the antenna elements.
Each single dipole antenna measured signal from all directions, including the sky
background, as well as strong RFI. The resulting high noise level makes it diffi-
cult to observe Jupiter’s emission in one antenna with significant signal-to-noise
ratio. A beam was formed by phasing the antennae in the direction of Jupiter
to increase the signal-to-noise ratio and to suppress the RFI coming from the
horizon.
The following steps were performed to beam-form and display the data. First,
due to limited computer memory, the beam-forming could not be performed on
arbitrarily long time windows. Furthermore, the computation time of the fast
Fourier transform (FFT) increases as N logN were N is the number of samples.
Thus, splitting the antenna data in time-blocks is more efficient than processing
one long time-series. However, the splitting requires extra bookkeeping when
reconstructing the beam-formed time-series needed for displaying and for signal
correlation. Second, a Hamming window was applied to the raw data blocks. The
Hamming weights, wx, were calculated as wx = α− (1− α) cos (2pix/N). These
weights are applied to the time-series data to keep the leakage into neighbouring
frequency bins as low as possible. The factor α = 0.54 determines the FWHM
of this instrument function, x = 0, 1, ..., N − 1 are the index numbers of the
time-series samples and N is the total number of samples. Third, the FFT
was applied on blocks of 16384 samples and returned 8193 complex values in
the frequency domain (from zero to half the sampling frequency). Fourth, the
interesting band or bands were selected from the frequency domain. Fifth, the
beam-forming phases were applied to each frequency bin. The phases correct the
differential light travel time to each dipole-element relative to a reference position
or antenna. The phases are calculated for the exact fractional sample delay, that
shifts the antenna data for the desired beam direction. The chosen time-block
size determined the spectral resolution of 5 kHz and time resolution of 0.2 ms.
After averaging all the phase-shifted antenna spectra the resulting beam-spectra
were stacked for each block and displayed in a dynamic spectrum. The process of
true time-delay beam steering by phase-shifting and element averaging on ADC
data is called digital beam-forming.
For the reconstruction of the time-series, the beam-formed blocks had to
partly overlap. The start and end of each beam-formed block will not contain
data from all antennae, due to the delays applied to each antenna during beam-
forming. For the beam-formed time-series, only those intervals are useful over
which delay-shifted data from all antennae exist.
For visual comparison of the simultaneous data, the dynamic power spectra
from the two telescopes are plotted in Fig. 2.10. The 48 antennae of ITS and
the 72 antennae of NDA were beam-formed in the direction of Jupiter. The dark
horizontal bands in the dynamic spectrum of ITS are due to Faraday rotation
superimposed on the emission observed and will be addressed in the next section.
The vertical lines in the dynamic spectrum of NDA are 5 ms pulses intentionally
added every second to the data for timing purposes. The horizontal lines in both
plots are caused by man-made RFI. The spectra were computed with a time-
frequency resolution of 0.2 ms and 4.9 kHz. The Jupiter-Io S-burst emission is
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clearly visible between 20.7 MHz to 23.9 MHz and several identical features can
be identified. The emission drifts in frequency, which translates to a movement
of the source region along Jupiter’s magnetic field lines. These S-bursts last for
a fraction of a second down to a few milliseconds.
2.4.3 Faraday rotation analysis
NDA measured Jupiter’s emission with all 72 right-handed antennae and was
thus sensitive to right-hand circular polarization. ITS observed with two or-
thogonal sets of 30 linear dipoles and thus measured two perpendicular linear
components of the electric field. The power spectra calculated for both polar-
ization directions of ITS and for the right-handed circular polarization direction
of NDA are plotted in Fig. 2.11. In this plot also the beam spectra produced
with the North-South dipoles in direction of Jupiter is shown, since for the rest
of the analysis only the beam formed with the East-West dipoles is taken into
account. The spectra have a spectral resolution of 1.2 kHz and they are inte-
grated over the whole snapshot of 6.7 s. The frequency range from 21.7 MHz
to 22.95 MHz covers the strongest Jupiter burst emission and contained only
little RFI (narrow vertical lines). The spectrum shows a quasi-periodic feature
in frequency with alternating bands of maxima and minima. This feature is also
visible as horizontal bands in the dynamic spectra of ITS (see top panel in Fig.
2.10). This effect is identified as Faraday rotation and is described below.
On its way from Jupiter to Earth, the received electromagnetic radiation
is affected by the intervening plasma. The plasma introduces dispersion and
when a magnetic field is involved Faraday rotation. Dispersion causes a fre-
quency dependent delay and smears the signal out. The Faraday effect causes
frequency dependent rotation of the plane of polarization, which can be observed
when measuring linear signal polarization. A frequency independent measure for
Faraday rotation is called the rotation measure RM and is defined as:
RM = χF λ−2 =
e3
2pim2e c4
∫
ne ~B · ~ds. (2.2)
Here χF is the Faraday rotation angle, λ is the wavelength of the signal, e
is the electron charge, me is the electron mass, c is the speed of light, ne is the
electron density, ~B is the magnetic field vector, and ~ds is the differential ray
path vector along the line of sight. For a more detailed derivation and previous
results see Nigl et al. (2005a).
The radiation received with ITS is affected by Faraday rotation in essen-
tially four regions with different densities and magnetic fields: Jupiter’s magne-
tosphere, the Io Plasma Torus, the interplanetary medium (IPM) and Earth’s
ionosphere. Upon estimation of the Faraday rotation occurring in the different
regions, it turns out, that if the Io torus does not lie in the line of sight, the
contribution at Jupiter and of the IPM is less than a percent. According to
Warwick & Dulk (1964) and Ladreiter et al. (1995) at least 90 % of the Faraday
rotation in signals from Jupiter occurs in the terrestrial ionosphere and up to 10
% can be attributed to plasma inside Jupiter’s magnetosphere.
A first approximation of the Faraday rotation from the measured spectra
can be obtained from the frequency difference between two minima or maxima.
Consecutive extrema, separated by ∆ν, at a center frequency ν, underwent a
rotation of the polarization plane of ∆χF = pi. It follows from Eq. 2.2, that the
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Figure 2.10: Dynamic spectra of a simultaneous observation with NDA (top) and
LOFAR/ITS (center), on November 30, 2005 at 07:15:12 UTC for a duration of
∼3.5 s. Jovian S-bursts show up as the discrete structures mainly confined to the
band 20.7 MHz to 23.9 MHz. The third panel (bottom) shows the resulting cross-
correlation coefficients versus time and frequency, computed from data blocks of
2.5 ms duration and ∼150 kHz bandwidth.
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Figure 2.11: Jupiter-beam power-spectra of NDA (shifted upwards in power
for comparison) and of the two linear polarizations of LOFAR/ITS (signal curve
with dots: E-W antennae dipoles and signal curve without dots: N-S antennae
dipoles). The best-fit of an absolute sine-function of the Faraday angle as func-
tion of one over frequency squared is superimposed to both ITS spectra. For
the East-West polarization direction the maxima of the Faraday fringes are in-
dicated with dots. The NDA spectrum shows a slight modulation in intensity
at the maxima of the ITS spectra, since the NDA antennae also pick up a small
fraction of linearly polarized signal.
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rotation measure can be obtained by:
RM =
pi
2∆ν c2
ν3. (2.3)
For example, at ν = 22.31 MHz of the observed power spectrum from the
East-West dipoles beam, the difference in frequency for two successive minima
(corresponding to 180 ◦ rotation of the linearly polarized electric field) is ∆ν =
164.30 kHz and a rotation measure of RM = 1.18 rad m−2 is obtained.
In Fig. 2.11, power spectra for both polarization directions of ITS are plotted
and fitted by an absolute sine-function of the Faraday angle as function of one
over the frequency squared to confirm the Faraday law. For the determination
of an exact number for the spectral dependence and the RM, an envelope curve
was fitted to all minima in the spectra. The fit of the function log|∆ν| =
x · log|ν| + log|k| to the observed and fitted series of minima determines the
spectral dependence of the observed values of ∆ν at the frequencies ν. The
fit parameters are x = 3.06 ± 0.03 (one sigma statistical uncertainty) and k =
RM · c2 = 5.30 × 1018 s−2. This slope is in agreement with the differential
Faraday rotation of Eq. 2.3, being close to a cubic power law. The value for
the rotation measure is obtained with RM = (1.15± 0.07) rad m−2 (one sigma
statistical uncertainty). This confirms Faraday rotation to be the origin of the
observed frequency modulation.
2.4.4 Electron content of the Earth’s ionosphere
Electromagnetic waves propagating through the Earth’s ionosphere undergo
frequency-dependent time dispersion due to differences in their phase velocities:
∆t =
∫ (
1
V1
− 1
V2
)
ds =
e2
2picme
∫ (
1
ν21
− 1
ν22
)
neds. (2.4)
Here V1 and V2 are the phase velocities at frequencies ν1 and ν2, ne is the
electron density, and ds is the differential path length along the line-of-sight. By
measuring the time delay between the arrival of a signal at two frequencies the
DM or total electron content (TEC) can be determined with:
DM = TEC =
2picme
e2
(
1
ν21
− 1
ν22
)−1
∆t (2.5)
The TEC is the total column of electrons along a particular line of sight
expressed in TEC units (1 TECU = 1016 m−2). The GPS operates at two
frequencies and therefore the TEC of the ionosphere can be determined at any
time using Eq. 2.5 (cf. Erickson et al. 2001). The GPS station at the Westerbork
Synthesis Radio Telescope (WSRT) is the closest to the LOFAR core site and
measured a TEC of (19 ± 2) TECU, corrected for the direction of Jupiter of
142.68 ◦ and 22.10 ◦ in azimuth and elevation on 2005-11-30 07:15:12 UTC
(courtesy of James M. Anderson).
An alternative way to obtain the DM (or TEC) is from the rotation measure
(RM). If we assume that the RM determined in the previous Section 2.4.3 is dom-
inated by Faraday rotation in the Earth’s ionosphere (Warwick & Dulk following
1964), than the TEC of the Earth’s ionosphere can be estimated by dividing the
RM by the integrated parallel magnetic field strength of B = 0.3 G (Daniell
et al. 1995) along the line of sight through the ionospheric depth (see Eq. 2.2).
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This way a dispersion measure of DM = (1.46± 0.06) × 1017 m−2 is obtained,
which translates to a TEC of (14.6 ± 0.6) TECU (one sigma statistical uncer-
tainties). The exact value of the magnetic field strength during the observation
and the statistical uncertainty of the chosen value are unknown. Additionally, a
systematic uncertainty of 30 % has to be taken into account for the GPS, due
to the maximum accuracy obtained when interpolating values between several
satellites. Thus, the determined TEC value is in reasonable agreement with the
value from GPS of (19 ± 2 ± 6) TECU (one sigma statistical uncertainty and
systematic uncertainty). The findings corroborate that the major part of the ob-
served Faraday rotation occurs in the terrestrial magnetosphere. Furthermore,
the frequency dependent time delay caused by the obtained dispersion accounts
only for ∼ 0.1 % of the observed burst drift, which indicates that it is intrinsic.
2.5 Long baseline interferometry
Dulk (1970) put an upper limit of 400 km to 4000 km on the size of the DAM
source at Jupiter, which corresponds to an angular resolution of 0.1” to 1”. S-
burst analysis provides an upper limit of about 20 km on the instantaneously
emitting source (Zarka 1996), which translates to 0.006” at Jupiter’s distance of
4.25 AU, which is the angular resolution of the full European VLBI Network at
1.6 GHz.
For this work, Jupiter was observed with ITS and NDA on a baseline of
702 km. The projected separation of the two telescopes is D = 511 km as
seen from Jupiter at the time of the observation. This baseline corresponds to
an angular resolution of θ = 4”. Thus, the source region at Jupiter can be
considered as point sources. The smallest structure that could be resolved on
Jupiter at the time of the observation was 16700 km in diameter, which is about
four times the size of Io.
2.5.1 2D cross-correlation of dynamic spectra
The synchronization of the absolute timing of ITS and NDA data was of the
order of one second. In order to restrict the size of the time window for correla-
tion, a normalized 2D cross-correlation of the dynamic spectra of Fig. 2.10 was
performed. This cross-correlation provided a coarse fringe search for the time
delay and the offset in frequency between the two datasets, which is called a
clock model in VLBI terminology. For the 2D correlation, the dynamic spectra
have to be generated with high time resolution for measuring the time delay, and
with high spectral resolution for determining the frequency offset. The higher
the resolution in time, the lower in frequency, maintaining a time-bandwidth
product of unity (dν × dt = 1). Thus for high time resolution, fine spectral
structure is lost, which reduces the quality of the subsequent cross-correlation,
but gives access to an accurate time delay. A possible offset in frequency can
be found by choosing high spectral resolution. The formalism used for the 2D
cross-correlation can be found in Appendix B.3.2 on page 125.
From visual comparison of the two dynamic spectra, the global delay was
estimated as being bigger than 10 seconds. To keep the 2D cross-correlation
window and the computational cost small, a first iteration on this value was
found by correlating the power in time with a resolution of 0.4 ms. An example
for the 2D cross-correlation of the dynamic spectra is plotted in Fig. 2.12 and
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Table 2.2: Clock model obtained with the 2D cross-correlations of the dynamic
spectra for different pairs of time and frequency resolutions of the observation
on the 30.11.2005 at 07:15:12 UTC.
Input Resulting
Block Time Freq. Clock Freq.
Size Resol. Resol. Offset Offset
[samples] [Hz] [s] [Hz]
28 1.6 µs 156250 10.0723328 0
29 3.2 µs 78125 10.0723328 0
210 6.4 µs 39063 10.0723328 0
216 0.4 ms 610 10.0721 0
220 13.1 ms 38 10.0721 191
its result is plotted in Fig. 2.13 for a time resolution of 0.4 ms and a frequency
resolution of 610 Hz.
The best possible clock model of 10.0723328 s was found with a resolution
of 1.6 µs. The data acquisition of ITS was delayed by this time period with
respect to NDA. For a higher temporal resolution, insufficient spectral structure
did not allow to identify a more accurate clock model. This time delay serves
as input for the time-series cross-correlation. Additionally, a shift in frequency
of 191 Hz at a spectral resolution of 38 Hz was obtained. The results of the 2D
cross-correlations of dynamic spectra with different time-frequency resolutions
are listed in Table 2.2. The correlated slices of the dynamic spectra were centered
at a frequency of 22.3 MHz.
2.5.2 Frequency offset
The offset in frequency of 191 Hz between the fine structure in the dynamic spec-
tra was mainly introduced by a difference in the sample rate of both telescopes,
caused by an unknown deviation of the ITS clock system from the nominal sam-
ple rate, which will be addressed in Section 2.5.6 on page 56.
A shift in frequency caused by a deviation of the sample rate from the nominal
value can be calculated like this:
∆ν = νobs
(
1− ∆tnominal
∆tactual
)
. (2.6)
The sample rate measured for NDA in Section 2.3.2 on page 35 of (79999998±
0.5) samples per second differs only slightly from the nominal sample rate of 80
megasamples per second. This difference causes an shift between the expected
and reconstructed frequencies in the dynamic spectrum of NDA of +0.6 Hz at
a center frequency of 22.3 MHz and it does only account for a small part of the
observed offset.
The radial speeds of the two telescopes in the direction of Jupiter and
with respect to geocentre are mainly due to the Earth’s rotation and were
−139 m s−1 for ITS and −177 m s−1 for NDA. These values were obtained
with CASA/AIPS++7 (v1.9, build 1360, Shannon 1996). The negative speeds
mean that both telescopes were moving away from Jupiter. The motion of the
7www.aips2.nrao.edu
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Figure 2.12: Detailed sample dynamic spectra extracted from Fig. 2.10 for ITS
(top) and NDA (bottom). The intensity in the images displays the uncalibrated
power in arbitrary units. (The abbreviation LSRK denotes the rest-frame of the
kinematical local standard of rest.)
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Figure 2.13: Correlation coefficient matrix for the two dynamic spectra of Fig.
2.12. In this correlation window with a time and spectral resolution of 0.4 ms
and 610 Hz, the maximum correlation was found at zero frequency shift and
at a time delay of 10.0721 s, taking into account an initial coarse offset. NDA
started observing earlier than ITS with this time period. The intensity in the
image displays the cross-correlation coefficient labeled with the color wedge on
the right side of the plot. (The abbreviation LSRK denotes the rest-frame of the
kinematical local standard of rest.)
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telescopes cause Doppler shifts of −10.4 Hz and −13.2 Hz at the center frequency
of the band of 22.3 MHz. Because of the differential radial speed of 38 m s−1
(with which ITS was moving towards Jupiter as seen from NDA), the ITS signal
was Doppler shifted to higher frequencies by 2.8 Hz more than the NDA signal.
This frequency shift lies within the offset resulting from the 2D cross-correlation
of 191 Hz.
2.5.3 Coherence time and coherence bandwidth
Since emission from Jupiter arrives in bursts, the best signal-to-noise ratio is
achieved in the correlation by selecting an integration time and a frequency
resolution matched to a characteristic duration and bandwidth of the received
emission. The emitting electron bunches at Jupiter are traveling along the Io
Flux Tube at several thousands to several tens of thousands of kilometers per
second. The emission is received as subpulses (wave packets) with about 40 µs
to 90 µs duration and a minimum bandwidth of 30 kHz, as has been observed
by Carr & Reyes (1999). Therefore, the blocks for correlation should be much
longer than a wave packet of 90 µs (e.g. ' 1 ms), and have a frequency resolution
coarser than 30 kHz, but not more than the Faraday fringe spacing of ∼ 150 kHz.
The upper limit for the correlation time window is dependent on the time-scales
of changes in the Earth’s ionosphere and it is one of the major goals to determine
temporal constraints from observations like ours. The discussed limits constrain
the optimum window for the cross-correlation as summarized in the following
table:
∆t ∆ν
minimum ' 1 ms 30 kHz
maximum unknown 150 kHz
2.5.4 Cross-correlation of time-series
In this section, the method is derived with that the time-series cross-correlation
has been performed. First the correlation coefficient is defined and the way to
implement it in an effective manner using the cross-correlation theorem. Fur-
thermore, the fringe correlation method is described, which is used to obtain the
envelope of the correlation fringes and the outcome of the systematic correlation
is presented.
The temporal cross-correlation coefficient Cxy of the discrete functions x (t)
and y (t) at a lag L is defined by:
Cxy (L) =
1
sx sy+L+M+1
N
1
N
∑
k=1
x∗kyk+L+M+1 (2.7)
where t is an arbitrary independent variable. In our case x (t) and y (t)
are voltages in the time domain or the frequency domain. M is the maximum
positive or negative lag, thus −M ≤ L ≤ +M . N is the number of values taken
into account from both functions x (t) and y (t); and the normalizing factors are
defined as:
sx =
√
1
N
N∑
k=1
|xk|2, sy =
√
1
N
N∑
k=1
|yk−M−1|2.
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Additionally, for the normalization the two signal arrays have to be reduced
by their average. The averaging is done in the time domain by subtracting the
mean x (t) = x (t)′ − x and y (t) = y (t)′ − y.
The lags in the cross-correlation are chosen in steps of samples of 12.5 ns,
which requires a lot of computation, since one correlation of both functions is
required for each lag. Much more efficient is to use the cross-correlation theorem.
The cross-correlation theorem states that the cross-correlation of two functions is
equal to the Fourier transforms of the product of the Fourier transform of the two
functions, taking the complex conjugate of one function. Thus, for this method
only three Fourier transformations and one multiplication of the two data arrays
are needed instead of N multiplications and summations for each possible lag.
A derivation of the cross-correlation theorem can be found in Appendix B.1 on
page 123.
Since the source might lie at a null of the interference pattern, the two time-
series are also correlated with a quarter-period shift introduced to one of the
functions at the center frequency of the selected sub-band. As usual in VLBI,
the fringe amplitude is calculated with the so-called fringe correlation method
as the square root of the sum of the squares of the quadrature correlations:
Cτ =
√
C∆t (t, τ)
2 + C∆t+pi2 (t, τ)
2 (compare Lynch et al. 1976). Here Cτ is
the correlation envelope, ∆t is the global delay from the 2D cross-correlation of
the dynamic spectra, and C∆t, C∆t+pi2 are the cross-correlation coefficients. The
quarter-period shift can be applied in the frequency domain as a phase-gradient
of φ = e−ipi/2ν .
The cross-correlation theorem and the fringe correlation method were applied
to the data taking into account the time and frequency limits from Section 2.5.3
on the preceding page and applying the clock delay determined in Section 2.5.1
on page 49 of 10.072333 s to the NDA data (see Table 2.2).
Since the observed Jupiter-Io emission is not continuous, noise gating was
applied and only time blocks with received power exceeding the noise-floor were
added after cross-correlation according to the fringe correlation method. Inte-
grating about one thousand 1 ms blocks containing burst emission at eight bands
of 75 kHz bandwidth, resulted in an average cross-correlation peak of 210 sigma
significance compared to the same number of integrated blocks containing only
background noise (see Fig. 2.14).
In total, narrow bands with bandwidths of (30, 75 and 150) kHz at center
frequencies of (21.73, 21.88, 22.04, 22.20, 22.36, 22.53, 22.70 and 22.88) MHz
and time windows of 13 µs, 102 µs, 0.8 ms, 1.6 ms, 3.3 ms, 6.6 ms, 13 ms and
105 ms were analyzed. The time windows were chosen with multiples of two,
which optimizes the speed of the FFT and the frequencies were chosen as they
lie at the maxima of the strongest Faraday fringes from the ITS power spectra,
which are shown in Fig. 2.11.
The bottom panel in Fig. 2.10 displays the cross-correlation coefficients in
a dynamic spectrum for 2 seconds between 20.6 and 23.8 MHz, computed from
2.5 milliseconds time blocks over all bright Faraday fringes.
The distribution of cross-correlation coefficients of 500 correlated 1 ms time
blocks (selected by noise gating), was maximum for a bandwidth of 30 kHz at a
center frequency of 22.53 MHz resulting in C = 0.6± 0.1 (one sigma statistical
uncertainty). This window in time and frequency perfectly match the minimum
correlation window predicted in Section 2.5.3 on the preceding page.
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Figure 2.14: Result of the time-series signal cross-correlation of the NDA and
ITS data sets of the Jupiter observation on 30.11.2005 at 07:15:12 UTC. The
peaked curve in the plot was obtained by averaging about 1000 correlated 1
ms time-series blocks containing the Jupiter burst signal. The flat curve was
obtained on the same number of blocks without emission. The peak maximum
lies 210 sigma above the noise level with 1 s effective integration.
2.5.5 Fringe visibilities
The cross-correlation coefficients of the time blocks are proportional to the fringe
visibilities, which ultimately carry information on the source size, following for
example Phillips et al. (1987):
γS =
1
Gτ
kCη
√
(PS1 + PB1)(PS2 + PB2)
PS1PS2
. (2.8)
Here γS is the instrument-corrected fringe visibility due to the source struc-
ture, Gτ is the fringe washing factor at the residual geometrical delay τ , C is the
cross-correlation coefficient, k and η are instrumental decorrelation coefficients,
PS is the power from the source, and PB the power from the Galactic background
both recorded at the two telescopes. The instrumental decorrelation coefficient
η accounts for any phase behavior of filters, amplifiers, cables and connectors
of both telescopes together. For the two different telescope designs of ITS and
NDA, this factor was guessed to be up to 15 % and thus η = 1.15. For com-
parison, this factor was determined by Phillips et al. (1987) in a zero-baseline
cross-correlation for two similar antenna-arrays with η = 1.05.
Since circular polarized parts of the Jupiter signal were measured by NDA and
correlated with linear polarized components of ITS, a maximum cross-correlation
coefficient of Cmax = 1/
√
2 can be achieved (see Appendix C on page 127). Thus,
the second instrumental coefficient was adopted to k =
√
2.
The fringe washing function, Gτ , is the Fourier transform of the receiver
passband (Thompson et al. 1986). For a rectangular passband, Gτ is a sinc
function: Gτ (τ) = sinc(pi∆ντ). Here ∆ν is the bandwidth of the correlated
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signal and τ is a residual geometrical delay, which is the difference between the
true delay and the actually applied delay for the correlation: τ = τg − τi. In the
off-line correlations performed for this paper, the lag of the maximum correlation
was determined for each block, which determines τ = 0 and G = 1. The two
terms (signal+noise)/signal under the square root in Eq. 2.8 are estimated
to be ∼ 1.04 for NDA and ∼ 1.06 for ITS. A global background correction
factor of 1.1 was obtained. The resulting visibilities γS are consistent with one,
and thus with unresolved S-burst sources, as expected. For future observations,
the background corrections have to be applied for each correlation window, to
account for background variations on correlation time-scales.
2.5.6 Cross-correlation lags
The lag in which the correlation maxima laid, and hence the signal arrival time
difference between the two datasets, changed by (−8.8± 0.1) µs s−1 (one sigma
statistical uncertainty). The minus sign means that the signal arrived progres-
sively earlier at ITS (Fig. 2.15). This drift in the lag is well within the maximum
possible drift caused by an offset in the sampling frequency of the clock quartz
of ITS, which has a specified accuracy of ∆F/F = 10−4. Here F is the nom-
inal frequency and ∆F is the maximum deviation including errors due to cali-
bration, temperature variation, shock, vibration and aging over 10 years. The
accuracy of the NDA clock is much better and was measured by means of GPS
with ∆F/F = 1.25 × 10−8 and thus accounts for a maximum drift rate of only
12.5 ns s−1. There is a number of other effects which contribute to the observed
lag-drift. The motion of the source with an average parallel electron velocity of
∼ 22000 km s−1 (Zarka 1996) translates to a drift of −367.82 ns s−1 observed at
the Earth. Interplanetary multipath scintillation can cause delays of the order
of only a few nanoseconds assuming a thin scattering sheet Phillips et al. (1987).
The Earth’s rotation during the short observation accounts for +125.17 ns s−1
and ionospheric effects change on time-scales longer than the duration of this
observation and therefore were approximated by a differential change in the lo-
cal slant TEC values, resulting in a contribution of −0.032 ns s−1. All these
drifts are far smaller than the measured drift and a fortiori smaller than the
drift caused by the permitted offset in the clock system of ITS.
Additionally, the offset of the ITS clock translates to a deviation between the
sample rates of NDA and ITS of 704 Hz. As a consequence, the bigger the time-
window for the cross-correlation, the larger the deviation in time per correlated
sample gets, which reduces the quality of the correlation. Furthermore, the
difference in the sample rates translates into an offset in frequency of 196 Hz
between the dynamic spectra of both telescopes (see Eq. 2.6 on page 50), which
is consistent with the frequency offset of 191 Hz obtained from the 2D cross-
correlation of the dynamic spectra with a resolution of 38 Hz (Section 2.5.1 on
page 49).
2.6 Discussion
Using the prototype ITS of the new generation radio telescope LOFAR and the
Nançay Decametric Array, strong Io-induced Jupiter radio emission including
S-bursts was detected over 6.7 seconds with only dozens of antennae. Horizontal
bands in the dynamic spectrum of ITS were clearly identified as the result of
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Figure 2.15: This plot displays the lags for the correlated 1 ms blocks with
emission as a function of time. The arrival times of the signal at ITS were
progressively earlier than at NDA by 8.8 microseconds per second. The points
display the lags from correlations at three different frequencies (three different
colors).
Faraday rotation in an elliptically polarized signal on the basis of both magni-
tude and frequency dependence of the bands. The resulting values for Faraday
rotation measured by ITS and GPS were in good agreement. From these values
the atmospheric TEC/DM was estimated, which was in reasonable agreement
with values provided by GPS. The delay in the signal arrival at the two tele-
scopes caused by the Earth’s atmosphere was estimated with a differential TEC
above both telescopes of a fraction of a nanosecond over the whole observation
period (see 2.5.6).
The beamed dynamic spectra obtained with ITS and NDA show excellent
agreement (see Fig. 2.10). High time and frequency resolution allowed us to
determine offsets in time and frequency by two-dimensional cross-correlation of
the dynamic spectra with a precision of microsecond accuracy in time and hertz
accuracy in frequency. The latter method revealed a shift in frequency, due
to the relative radial speed and an offset in sample frequency between the two
telescopes. The projected baseline of the interferometer of 511 km provided
an angular resolution of four arcseconds. Since the emitting source region is
believed to be smaller than 20 km in length (0.02 arcseconds) (Zarka 1996), the
source region of the received emission remains unresolved, as confirmed by the
obtained visibilities being close to one. Plotting the resulting visibilities in a
dynamic spectrum revealed the same fine structure as observed in the dynamic
spectra of each telescope (see bottom panel in Fig. 2.10).
This is the first time that VLBI-type observations have been performed over
a broad relative bandwidth with baseband digitization, and direct correlation of
signals within a large dynamic range. The broad filtered frequency band and
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the fast digitization allowed a high time-frequency resolution, which is about
ten times better than obtained before in correlation experiments. Furthermore,
the recorded dynamic range was 12 bits and 14 bits, instead of 1 bit as used
before. Cross-correlation fringes on the beam-formed time-series were found on
time-scales of microseconds to milliseconds over bandwidths as narrow as tens
of kilohertz. The correlation of Jupiter burst emission with one second effective
integration in time and several hundred kilohertz bands in frequency resulted in
an 210 sigma detection above the noise level.
The identified delays of the cross-correlation maxima showed a linear drift
in the lag at which the correlation maximum occurred, caused by a large clock
rate at ITS. Correcting for the drift in the lags, no significant variation was
found within the observation of 6.7 s. Variations in the correlation with time
could indicate a change in the size of emitting source regions at Jupiter, perhaps
not in S-bursts but possibly in L-bursts (Phillips et al. 1987). Variations in the
source size would be of interest for understanding the emission mechanism and
will be studied further with the final LOFAR telescope.
2.7 Conclusions
The feasibility of long baseline interferometry is confirmed at low frequencies, in
spite of phase shifts introduced by variations in ionospheric propagation char-
acteristics. Phase coherence in Io-DAM emission from Jupiter was preserved
over hundreds of milliseconds for a baseline of ∼700 km. No significant variation
with time was found in the correlations and an estimate for the fringe visibility
of 1 suggested that the source was not resolved. The upper limit on the source
region size of Jupiter Io-B S-bursts corresponds to an angular resolution of ∼4
arcseconds.
From our results with the prototype ITS, LOFAR can be expected to do
VLBI-type observations with millijansky sensitivity over a broad relative band-
width up to 100 MHz with baseband digitization, and direct correlation on a
large dynamic range. The present results support the European extension of
LOFAR with very remote stations up to several hundred kilometers. A baseline
of up to 1000 kilometers will serve LOFAR with a spatial resolution of an arc-
second at 30 MHz. Such a resolution will enable detailed studies of the Jupiter
magnetosphere as described in Zarka (2004) among many other astrophysical
applications summarized in (Vogt 2006).
A follow up of these long-baseline interferometry studies is planned with
NDA and LOFAR/CS1 (Core Station 1). The follow up experiments will be
performed to quantify at what duty cycle time-phase-coherence is preserved, as
a function of time and frequency. Furthermore, weaker radio sources may be
used in addition to Jupiter. LOFAR/CS1 consists of 96 antennas with real-time
production of beam-formed time-series and it will provide full amplitude and
phase calibrated polarization information.
Andreas Nigl performed and developed the data analysis parallel and in co-
ordination with Philippe Zarka using parts of the LOPES standard analysis
software. The algorithm for the production of the beam-formed time-series on
the LOFAR/ITS data and correlation algorithms, he developed from scratch.
He discovered the drift in the correlation legs caused by a deviation of the ITS
system clock from its nominal clock rate.
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Chapter 3
Cosmic rays studied with a
hybrid high school detector
array
A. Nigl, C. Timmermans, P. Schellart, J. Kuijpers, H. Falcke, A. Horneffer, C.
M. de Vos, Y. Koopman, H. J. Pepping, G. Schoonderbeek
(published in Europhysics News, EPN, Vol. 38, No. 5, accepted on 2007-08-22)
Abstract. We have built a small LOFAR antenna array at the Radboud
University Nijmegen to detect particles and radio emission of cosmic-ray air
showers simultaneously at energies above 1015 eV. Furthermore, the instrument
was used to train students in the field of astro-particle physics and to increase the
outreach of LOFAR. We present a description of a new type of hybrid detector
and we discuss first results. LORUN combines eight LOFAR prototype antenna
dipoles with a particle detector cluster of the HiSPARC experiment. HiSPARC
operates twin-particle detector stations on high schools in five Dutch cities. We
use crossed dipoles in each of the four LORUN antennae to enable the study of
polarization characteristics of the detected radio emission. A big challenge with
dipole antennae is to deal with interference. These radio antennae receive signals
from all directions, including all man-made radio frequency interference (RFI).
The RFI received by LORUN was reduced by choosing a radio-quiet location,
applying digital filtering, and can be further reduced by beam-forming. The ra-
dio antennae are triggered by a coincidence-trigger from two particle detectors.
After the trigger, simultaneous data are recorded and analyzed for a coincidence
in the radio emission and the detected particles. Radio pulses were detected from
three cosmic-ray air showers in coincidence with two particle detector stations
separated by 500 meters. These candidate events indicate shower properties
like lateral distribution, inclination and polarization of the radio emission. We
successfully demonstrate that radio emission from cosmic-ray air showers can
be studied with a few dipoles triggered by simple particle detectors. The radio
antennae have a high duty cycle and provide complementary shower information
to parameters determined on particle detections. The advantage of the radio
detection method is that the received signal integrates the whole longitudinal
shower development, whereas particle detectors only detect the shower particles
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Figure 3.1: Cosmic-ray energy flux spectrum (Bacelar et al. 2007). The flux has
been multiplied by a factor of E2.5. Picturing the spectrum as an extended leg,
the so-called knee and ankle are clearly visible at energies of about 5 PeV and 20
EeV, respectively. The very high-energy cosmic rays (VHECR) are of interest
for NAHSA and LORUN, which are sensitive to energies beyond 100 PeV (1 PeV
= 1015 eV; 1 EeV = 1018 eV, UHEP = Ultra High Energy Particles).
that arrive at ground level. The detection of first events in coincidence with HiS-
PARC particle detectors confirmed a working prototype, which in principle can
be multiplied to extend further particle detector stations. However, additional
hardware development is needed in order to make the complete setup available
for high schools.
3.1 Introduction
ASTRON is building a new radio telescope which is based on an array con-sisting of simple dipole antennae. This telescope is called LOFAR (Low
Frequency ARray). One of the key science projects is the study of High Energy
Cosmic Rays (HECR).
These particles penetrate the Earth’s atmosphere with energies beyond 1012
up to 1020 eV (GZK cutoff Greisen 1966, Zatsepin & Kuzmin 1966), which has
still to be explored. It was found that with increasing energy the number of
cosmic rays arriving at the Earth drops sharply, see the flux-power spectrum in
Fig. 3.1.
The cosmic-ray (CR) composition consists of protons (86%), α-particles
(11%), nuclei of heavier elements (1%), electrons (2%) and neutrinos (<1%)
(Perkins 2003). Most cosmic rays are thought to be produced in our Galaxy
by stars up to GeV energies and beyond these energies in supernova remnants
(SNR); however the origin of the highest energetic particles is still unclear. A
uniform distribution on the sky strongly indicates that the highest energy CRs
are produced in a variety of distant extra-galactic sources. Source candidates
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are collimated relativistic matter streams (jets) associated with galaxies emit-
ting powerful radio emission (radio galaxies), as well as radio-loud young galaxies
called quasi-stellar objects (quasars). Furthermore, bursts of high frequency elec-
tromagnetic emission called gamma ray bursts (GRBs) and magnetars, which are
very compact stars with strong magnetic fields, are also candidates for the ori-
gin of the high-energy CRs. Since they may be capable of the extreme particle
acceleration required.
Every second, one low energy cosmic-ray particle is hitting every square meter
of the Earth’s atmosphere. The resulting shower is attenuated in the atmosphere
before reaching the ground and can, however, be detected directly by a detector
on a plane or balloon. The latter is the way cosmic rays have been discovered
in 1912 by Victor F. Hess (1912).
Highest energy cosmic rays on the other hand hit an area of a square kilometer
only once per year, thus requiring a detector covering a large area for an effective
measurement.
In the Earth’s atmosphere these CRs initiate a cascade of particle collisions,
where billions of secondary particles of all kinds are produced. The creation and
annihilation of particles in the cascade establishes a so-called air shower pancake
traveling through the atmosphere. Several hundred thousands of particles reach
the ground within a radius of a few hundred meters, depending on the energy of
the cosmic ray. Therefore, analyzing the shower to infer information about the
cosmic-ray particle is much more efficient.
Additionally, the charged particles in the pancake - mainly the electrons and
their counterparts the positrons - get deflected in the Earth’s magnetic field
and emit beamed coherent radiation called geosynchrotron emission with a flat
spectrum up to wavelengths larger than the shower pancake thickness of a few
meters (Huege & Falcke 2005a). The electromagnetic part of cosmic-ray air
showers is not attenuated by collisions. It reaches the ground and therefore the
longitudinal shower development can be studied, when measuring the shower at
more than one location distant from the shower axis. The number of particles
in the air shower and the peak voltage of the radio emission detectable on the
ground depend approximately linearly on the energy of the primary particle. The
radio emission increases with increasing angle between the cosmic-ray trajectory
and the Earth’s magnetic field (Falcke et al. 2005).
The largest cosmic-ray detector, the Pierre Auger Observatory1 is currently
under construction in Argentina, South America, and it is named after the dis-
coverer of particle air showers Auger et al. (1939). This instrument detects the
air showers mainly with particle detectors covering an area of 3000 m2. The
number of particles measured by particle detectors allows one to estimate the
energy of the primary particle, the direction of origin, and to find the lateral ex-
tension from a shower core, which depends on the species of the primary particle
Antoni et al. (2003). Next to particle detectors, four air fluorescence detectors
measure the fluorescence light yield of about 10% of all detected showers.
In The Netherlands, ASTRON builds a large low frequency radio telescope,
which is called LOw Frequency ARray (LOFAR2) and will be able to detect the
radio emission from air showers with about 5000 small radio antennae grouped
into about hundred stations of 200×200 m2. This new generation radio telescope
is operating fully digital and it is entirely computer based for data reduction.
1www.auger.org
2www.lofar.org
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Currently, three test stations for LOFAR exist and two of them are optimized
for cosmic-ray air shower measurements in the radio regime from 40 to 80 MHz.
The first, LOfar PrototypE Station (LOPES3) consists of 30 dipoles (Hornef-
fer 2006). LOPES is triggered by the KArlsruhe Shower Core and Array DEtec-
tor (KASCADE, Antoni et al. 20034) situated at the Forschungszentrum Karl-
sruhe in Germany (FZK5). Since the beginning of 2004, more than three million
triggered events were recorded, of which thousands have been analyzed and in a
few hundreds of them a coherent pulse was found in the radio data.
The second prototype was built in December 2004, it is called LOfar at
Radboud University Nijmegen (LORUN), and it is made up of four (crossed)
dipole antennae on top of the building of the Radboud University Nijmegen (see
Fig. 3.2). LORUN is triggered by two particle detectors, which are part of the
High School Project on Astrophysics Research with Cosmics (HiSPARC6). The
pulse detected in the electric field of each antenna carries information about the
longitudinal development of the shower such as the atmospheric depth at which
the shower emission was maximal. This emission maximum provides a measure
to distinguish between different species of primary particles. Furthermore, the
radio antennae can be used as an interferometer to improve the accuracy in the
direction from were the cosmic ray came from (Falcke et al. 2005).
Projects like HiSPARC, the California HIgh school Cosmic ray ObServatory
(CHICOS 7) or the Stockholm Educational Air Shower Array (SEASA8) place
particle detectors on top of buildings, for example schools and universities (Cho
2005).
These particle detector arrays are scientifically interesting, since with the
large area they cover, they contribute to the world record number of detected
ultra high-energy cosmic rays (UHECR). Furthermore, the high school arrays
could be sensitive to the Zatsepin–Gerasimova effect [10, 11], in which highly
energetic nuclei disintegrate in interactions with solar photons. As a result two
simultaneous air showers could be observed on Earth. The confirmation of this
effect would prove that a part of the high energetic radiation originates from
combined nuclei.
The HiSPARC project is made up of five clusters located in five Dutch cities.
One of these clusters is the Nijmegen Area High School Array (NAHSA9), which
takes data since June 2002 and provides the triggers for the LORUN radio an-
tennae. The other clusters are on buildings in Amsterdam, Leiden, Utrecht and
Groningen. In the scope of HiSPARC, high school students receive hands-on
training about how to build a particle detector and learn about its scientific ap-
plications. As a result, students extend the array and get access to astro-particle
physics and scientific instruments.
From detections of cosmic-ray air showers with LOPES, we learnt about
basic properties of the antenna response to the radio signal. Based on these
experiences, we want to optimize the LORUN experiment in Nijmegen and study
cosmic rays including possible polarization information of the received radio
signal.
3www.lopes-project.org
4www-ik.fzk.de/KASCADE_home.html
5www.fzk.de
6www.hisparc.nl
7www.chicos.caltech.edu
8neutrino.phys.washington.edu/~walta
9hisparc.hef.kun.nl
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In this article we explain the experimental setup in Section 3.2, present the
analysis of radio frequency interference in the environment in Section 3.3, dis-
cuss first results in Section 3.4 and give an outlook on further activities with
LORUN/NAHSA in Section 3.5.
3.2 Experimental setup
Two particle detectors and four radio antennae have been placed on the roof
of the building of the Faculty of Natural Sciences of the Radboud University
Nijmegen. The radio antennae and the data acquisition hardware for LORUN
were provided by the Netherlands Foundation for Research in Astronomy (AS-
TRON10). Each LORUN antenna accommodates two crossed dipoles, which are
facing azimuth directions of 330 ◦ and 60 ◦. Each dipole’s signal is amplified and
pre-filtered by a low-noise amplifier (LNA), further filtered by a band pass filter
for the frequency band from 40 MHz to 80 MHz and then digitized. The high
performance Analog-Digital Converters (ADCs) combine a dynamic range of 12
bit with a rate of 80 million samples per second, which translates to a time res-
olution of 12.5 ns and a data rate of ∼ 150 MB per second per channel (dipole).
Because of the inverted-V-shape design of the antenna dipoles, the whole sky is
instantly measured with a primary beam of 90 ◦ centered on the zenith. The
array can be pointed at any source in the sky by off-line beam forming.
The LORUN antennae are located near two scintillator-particle detectors of
NAHSA accommodated in ski-boxes (see Fig. 3.3). NAHSA is made up of in
total 8 twin detector stations of 0.5 m2 each, located on high school buildings
all over Nijmegen, with distances between 500 meters and 5 kilometers (see Fig.
3.4). More details on NAHSA can be found in Timmermans et al. (2005).
The LORUN/HiSPARC hybrid system is triggered by a coincidence detection
of two HiSPARC scintillators within a 1 µs time window for simultaneous data
acquisition (DAQ) of both systems (see Fig. 3.5). The trigger rate counts
up to more than 1000 events per day. HiSPARC measures traces of the current
produced in the photo multiplier tube (PMT), which is generated by the amount
of light produced in the detector by the shower particles. Each scope trace lasts
5 µs with a time resolution of 20 ns and is stored together with a GPS timestamp.
The LORUN system stores about half a millisecond of time-series data before
and after the trigger of each dipole with a time resolution of 12.5 ns. The read
out and storage of the radio data takes about one second during which LORUN
does not accept another trigger. The PC clock of LORUN is synchronized with
the PC of the particle detector, using a network time protocol (NTP) to an
accuracy of a few microseconds, so that the triggered events can be matched.
The triggered events of both experiments are matched off-line at the end of
each day. Only events that were triggered by two NAHSA twin-detector stations
are combined to exclude false-detections. This way, about 10 events are obtained
per day with energies beyond 1016 eV, corresponding to the sensitivity of this
setup. The software scripts which perform the matching and storing of the
recorded radio data are described in Schellart (2006).
The radio data of the ten selected events per day were processed for co-
incidences of pulses detected by the available radio dipoles around the trigger
time (see Fig. 3.6). The shower emission wave-front crosses the detector from
a certain direction and thus does not arrive at all antennae at the same time.
10www.astron.nl
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Figure 3.2: A LOFAR prototype antenna accommodates two (crossed) inverted-
v-shaped dipoles in the legs of the PVC structure connected to two low-noise
amplifiers (LNAs) located in the top box. The middle pole contains two cables
for power and two for signal from the LNAs to the receivers.
Therefore the search for the pulses is performed in a time window determined by
the light travel time across the maximum distance of all antennae pairs of 50 me-
ters (170 ns). Unfortunately, there is environmental man-made radio frequency
interference (RFI) produced by radio, TV and mobile phone broadcasting, which
is narrow band, raises the noise level and makes the identification of pulses dif-
ficult. Therefore, the time-series from the dipoles are Fourier transformed and a
sub-band from 45 MHz to 60 MHz with little RFI is chosen. The remaining RFI
is down-weighted to reduce its contribution to the spectral power. After this dig-
ital filtering the spectrum is inverse Fourier transformed to obtain the air shower
pulse. The described off-line data analysis is performed with a graphical user
interface of the LOPES-Tools, which provides FFT, filtering and beam-forming.
For more details see the manual for the software package in Bähren et al. (2006).
3.3 Radio frequency interference
Placing the first antenna on top of the building of the Radboud University Ni-
jmegen (see Fig. 3.7), it turned out that the antenna received 100 times more
power than at the most radio-quiet site, which we could identify in testing sev-
eral locations. The radio-quiet side is shielded to the South and to the West
for low elevation angles. The very strong RFI at the first location could be at-
tributed to transmitters on a nearby building, which went out of view moving to
the best position. Additionally, we added 6 dB attenuators to the electronics of
each dipole between LNA and receiver unit to keep the received signal within the
dynamic range of the ADCs. Though the average noise level could be reduced by
choosing another location and the attenuators, the upper part of the frequency
band still contained many narrow band lines (see Fig. 3.8).
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Figure 3.3: NAHSA particle detectors: scintillator plates connected to a photo
multiplier tube (PMT) accommodated in ski-boxes on top of the building of the
Radboud University Nijmegen.
Figure 3.4: Locations of the NAHSA twin-detector stations in Nijmegen, The
Netherlands. LORUN is located at the triggering station number 1 on top of
the building of the Faculty of Natural Sciences of the Radboud University. The
distance between station 2 and 6 is about 1 km.
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Figure 3.5: LORUN is triggered by a a coincidence detection of the two NAHSA
scintillators (top right photograph) within 1 µs. More than 1000 events are
triggered per day. NAHSA stores oscilloscope traces (bottom right plot) of both
scintillator plates combined with a GPS timestamp. Each scope trace lasts
5 µs with a time resolution of 20 ns. The LORUN system stores about half a
millisecond of time series data before and after the trigger of each dipole with a
time resolution of 12.5 ns (bottom left plot). One antenna accommodating two
dipoles is shown in the top left photograph.
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Figure 3.6: Graphical user interface (GUI) of the LOPES-Tools. The embedded
plot shows the x-beam, which is the cross-correlation beam (cc-beam) weighted
by the total power received by the antennae (second curve). Both curves are al-
most coinciding, since the signal is fully dominated by the air shower pulse. The
cc-beam is the sum of all antenna pair correlations shifted by their geometrical
delay in the direction of the cosmic-ray air shower. The LOPES-Tools are ex-
tremely flexible in plotting any intermediate state in a data reduction sequence
from time-series to a frequency filtered and zoomed time-series beam. Many
more features are implemented for example for displaying of an antenna layout
or production of a skymap on the open data file.
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Comparing the LORUN site to the LOPES site in Karlsruhe, the spectrum of
LORUN shows similar spectral features as seen in a LOPES spectrum (see Fig.
3.9). However, one has to keep in mind that the LORUN signal is attenuated
by about a factor of four due to the 6 dB attenuation. The part of the LORUN
spectrum below 61 MHz only contains a few narrow band lines and was used for
the data analysis. The peaks at 62 MHz in both spectra are introduced by the
carriers of two different TV-broadcasting stations using the same channel. The
transmitter received by LOPES in Karlsruhe is located 100 km to the south, in
Raichberg and the one picked up by LORUN in Nijmegen is only at a distance
of 65 km located in Lopik close to the city of Utrecht. For comparison, the
distance between LORUN and LOPES amounts to 360 km. Probably due to the
lower distance of the TV-station, LORUN receives a much stronger signal at 62.2
MHz. Additionally, the LORUN spectrum contains many more RFI lines above
the TV-carrier than LOPES and therefore this part of the spectrum was not used
for the analysis. The RFI above the TV-station is probably not broadcasted at
those frequencies, but rather folded in the LORUN band from higher or lower
frequencies, since there are no known transmitters at these frequencies. The LNA
and the band pass filter only partly filter these intermodulation products of RFI
out, since it is either very strong or more likely in the close vicinity of LORUN.
Additional low-pass and notch filters11 are under development to suppress the
TV-station and frequencies above it by hardware. Until then, we filter out
frequencies below 45 MHz and above 60 MHz in the off-line data analysis.
The unfiltered RFI environment can be monitored by producing dynamic
spectra on the triggered event files as shown in Fig. 3.10 for a one hour time
window. The dynamic spectra show the narrow band RFI, as horizontal lines; the
TV carrier at 62.25 MHz and events including a stronger noise level as vertical
lines.
However, RFI is not exclusively disturbing, since the video and audio carrier
signals of the TV-transmitter can be used to perform a relative phase calibration
of the antennae, which was successfully demonstrated in LOPES (Horneffer et al.
2004).
3.4 First results
The triggered and matched events were analyzed for coinciding pulses in the
measured electric field of the dipoles. Three cosmic ray candidates were found in
the period from 2005-01-01 to 2005-08-01. HiSPARC detected all three events in
two twin particle detectors, which are labeled with the station numbers 1 and 2 in
the NAHSA layout in Fig. 3.4. These two particle detector stations are spaced by
500 meters. LORUN measured these events with up to three operational dipoles,
the first event with two operational crossed dipoles in one antenna structure, the
second event with two operational parallel dipoles separated by 30 meters and
the third event with three operational dipoles. All three events were estimated to
have a primary energy of larger than 1017 eV by the HiSPARC analysis software.
The first cosmic-ray candidate was detected by two crossed dipoles, which
are accommodated in the same antenna structure (antenna 1 in Fig. 3.11) on
2005-03-08 at 23:48:03. Both antennae showed nice pulses of 50 ns length at the
11A notch filter is effectively working like a combination of a low-pass and a high-pass filter
and therefore attenuating a narrow frequency subband.
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Figure 3.7: LORUN antenna on top of the building of the Radboud University
Nijmegen.
delay-corrected trigger time (Fig. 3.12). The energy of the primary particle was
estimated at more than 1017.2 eV.
The second cosmic-ray candidate was detected in two radio antennae spaced
by 30 meters on 2005-05-06 at 04:11:54. The relative peak height detected in the
two parallel dipoles is proportional to the relative particle counts of HiSPARC
(see Fig. 3.13). The difference in arrival time between the radio pulses is consis-
tent with the time delay in arrival of detected particles at the two twin stations
of NAHSA. The NAHSA detectors are spaced by 500 meters on a baseline nearly
parallel to the LORUN antennae, which results in an estimated zenith angle of
minimum 30 ◦. The measured inclination suggests a strong primary particle,
since the particle air shower has to reach the detector on a longer inclined tra-
jectory through the Earth’s atmosphere, without being attenuated. The energy
was estimated at more than 1017.4 eV.
The third cosmic-ray candidate was detected with three dipoles on 2005-07-
15 at 01:45.10. The same two parallel dipoles of the previous event detected a
much stronger radio pulse than a third perpendicular dipole, which is facing an
azimuth direction of 330 ◦ and is part of the antenna structure of one of the
parallel dipoles (see Fig. 3.14). Thus, the signal received in the North-South
direction was much smaller than the signal received in the East-West direction.
This result is in agreement with a geomagnetic emission mechanism, in which the
Lorentz force deflects the charged air shower components in East-West direction.
The zenith angle was estimated at a minimum of 10 ◦ and the primary particle
energy at more than 1017.3 eV.
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Figure 3.8: Spectra of two different locations measured with a single dipole. The
lower spectrum was measured at the radio-quiet site and shows a TV-station
visible at 62.2 MHz. The frequency subband from 45 MHz to 60 MHz was
filtered for the analysis. The upper spectrum taken at the first site shows strong
RFI, where even the TV-station is not prominent any more. The spectra were
produced on data from March 2005. The spectra were calculated on a 1 ms event
each and they are plotted with a frequency resolution of 10 kHz.
Figure 3.9: The two single event spectra of LOPES (lower spectrum) and
LORUN (higher spectrum) show similar characteristics. The LORUN signal
is attenuated by about a factor of four due to the 6 dB attenuation, which was
not corrected for this plot. Below 61 MHz the LORUN spectrum only contains
a few narrow band lines; however, it shows a much stronger TV-transmitter at
62.2 MHz and more RFI lines above the TV-carrier than LOPES. The spectra
were produced on data from February 2005. The spectra were calculated on a
1 ms event each and they are plotted with a frequency resolution of 10 kHz.
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Figure 3.10: Dynamic spectra of two perpendicular dipoles of one LORUN an-
tenna measured on 2005-06-24. One dipole points North-West (330◦, left) and
the other one points North-East (60◦, right). Both spectra cover 1 hour in time
and contain 234 triggered events of 1 ms with an average spacing in time of
about 4 s. The plotted spectral resolution is about 1 kHz, which results from
the FFT of the full 1 ms event. The horizontal lines are caused by narrow band
RFI and the TV-carrier lies at 62.25 MHz. The vertical, bright lines indicate
events containing a higher noise level due to time variant RFI.
Figure 3.11: The plot shows a layout of LORUN and NAHSA. The axis are in
units of meters. The LORUN antennae are plotted as circles. Each LORUN
antenna accommodates two crossed dipoles, which are facing azimuth directions
of 330 ◦ and 60 ◦. The triggering NAHSA twin-detector station is plotted by the
two rectangles. The LORUN/NAHSA hybrid system is installed on top of the
building of the Faculty of Natural Sciences of the Radboud University Nijmegen.
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Figure 3.12: First cosmic-ray candidate measured with NAHSA and two crossed
dipoles in one LORUN antenna structure simultaneously. LORUN was exter-
nally triggered by the twin particle detector of NAHSA on the Radboud Uni-
versity Nijmegen on 2005-03-08 at 23:48:03. The top panel shows the pulses
detected by the NAHSA detectors plotted as voltage output of the PMTs. The
bottom panel shows electric field pulse induced in the LORUN dipoles are plot-
ted in uncalibrated squared ADC counts. The estimated primary energy at more
than 1017.2 eV was determined by the NAHSA analysis software.
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Figure 3.13: Second cosmic-ray candidate detected in two LORUN antennae
spaced by 30 m, which were triggered by NAHSA on 2005-05-06 at 04:11:54.
Antenna number 1 detected the right small peak and antenna number 2 detected
the left large peak. The relative peak height is proportional to the relative par-
ticle counts of NAHSA (top). The difference in arrival time is consistent with
the time delay in arrival of particles at two twin stations of NAHSA spaced
by 500 m on a baseline parallel to the LORUN antennae (bottom), which re-
sults in an estimated zenith angle of 30 ◦. The measured inclination suggests a
strong primary particle, since the particle air shower has to reach the detector
on a longer inclined trajectory through the Earth’s atmosphere, without being
attenuated. The energy was estimated at more than 1017.4 eV.
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Figure 3.14: Third cosmic-ray candidate detected by two crossed dipoles in
antenna 1 and a third dipole in antenna 2 spaced by 30 meters. The event was
triggered by NAHSA on 2005-07-15 at 01:45:10. The radio pulses of antenna
2 was shifted to lie on top of the two others by a delay of 20 ns to compare
shape and height. Antenna number 1 detected the large and the small peak
and antenna number 2 detected the middle peak. The two large peaks were
detected with parallel dipoles and the little peak was detected with a dipole
perpendicular to the other two. The signal received in the North-South direction
is much smaller than the signal received in the East-West direction, which is
perpendicular to the Earth’s magnetic field. The zenith angle was estimated at
a minimum of 10 ◦ and the primary particle energy at more than 1017.3 eV.
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3.5 Conclusions and outlook
After setting up the hardware for the LOFAR prototype LORUN, it was straight-
forward to combine it with HiSPARC in a pathfinder experiment to detect radio
emission and particles of cosmic-ray air showers in coincidence.
NAHSA/LORUN experiment has been setup with the efforts of several un-
dergraduate students. Furthermore, the LORUN experiment has been used by
one undergraduate student to do his research project, by putting his effort in set-
ting up the hardware and writing the control software Schellart (2006). Andreas
Nigl organized the whole project, supervised the students during their work and
performed the data analysis for this article. That included the obtainment of
the hardware and its assembly in Nijmegen.
Additional possible scientific applications for LORUN are the study of in-
clined cosmic-ray air showers, the detection of transmitter back-scattering on
cosmic-ray trails, the study of lightning and the observations of Sun, Jupiter
and the galactic plane.
However, a big challenge with dipole antennae is to deal with RFI. These ra-
dio antennae receive signals from all directions, including all man-made RFI in
range. RFI was reduced for LORUN by choosing a radio-quiet location, digital
filtering and can be further reduced by beam forming. These methods reduced
the noise in the radio antennae sufficiently to enable LORUN to detect the ra-
dio emission of cosmic-ray air showers in single antennae. For the coincidence
detection in the radio data, an additional simplified software-tool is under de-
velopment in order to read in the event files, apply a Fourier transformation,
filter in frequency, apply an inverse Fourier transform and display the filtered
time-series of the dipoles around the trigger. Coinciding radio pulses were found
in three strong cosmic-ray air showers and shower properties such as inclina-
tion and an indication for shower energy and polarization have been observed.
Therefore, LORUN successfully demonstrated its ability to study cosmic-ray air
shower radio emission.
The HiSPARC experiment NAHSA in Nijmegen can benefit from the syner-
gies of a hybrid detection of cosmic-ray air showers in the radio regime combined
with particle counts. The radio antennae have a high duty cycle and provide
an independent way to determine the direction of incidence and primary energy
of cosmic rays. The most powerful aspect of the radio detection is that the
received signal integrates the whole longitudinal shower development, whereas
particle detectors only detect the shower particles that arrive at ground level.
The described radio detection method is still dependent on triggering particle
detectors. Self-trigger algorithms are under development, however, more experi-
ence has to be gathered for autonomous operation.
This pathfinder experiment planted the seed to increase the outreach of
cosmic-ray science and the LOFAR project, with the opportunity for high school
students to extend NAHSA and further HiSPARC stations in The Netherlands
by adding radio antennae. However, additional hardware development is needed
in order to make the complete setup available for high schools. NIKHEF is
developing a new readout for HiSPARC, as well as a readout scheme for radio
detection of cosmic rays at Auger. Both of these developments will soon make
a hybrid setup at high schools a reality.
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Chapter 4
Frequency spectra of cosmic ray
air shower radio emission
measured with LOPES
A. Nigl et al.1
(submitted to A&A on 2007-12-05)
Abstract. We want to study the spectral dependence of the radio emission
from cosmic-ray air showers around 100 PeV (1017 eV). We observe short radio
pulses in a broad frequency band with the dipole-interferometer LOPES, which
is triggered by the KASCADE particle array. For this analysis, 23 strong air
shower events are selected using parameters from KASCADE. The radio data
are digitally beam-formed before the spectra are determined by sub-band filter-
ing and fast Fourier transformation. The resulting electric field spectra fall off
to higher frequencies. An average electric field spectrum is fitted with an expo-
nential Eν = K ·exp(ν/MHz/β) and β = −0.019±0.004, or alternatively, with a
power law ν = K · να and a spectral index of α = −1± 0.3. The spectral slope
obtained is not consistent within uncertainties and it is slightly steeper than the
slope obtained from Monte Carlo simulations based on air showers simulated
with CORSIKA. For the analyzed sample of LOPES events, we do not find any
significant dependence of the spectral slope on the electric field amplitude, the
azimuth angle, the zenith angle, the curvature radius, nor the average distance
of the antennae from the shower core position. But one of the strongest events
was measured during thunderstorm activity in the vicinity of LOPES and shows
the longest pulse length measured of 110 ns and a spectral slope of α = −3.6.
We show with two different methods that frequency spectra from air shower ra-
dio emission can be reconstructed on event-by-event basis, with only two dozens
of dipole antennae and over a broad range of frequencies simultaneously. Ac-
cording to the obtained spectral slopes, the maximum power is emitted below
40 MHz. Furthermore, the decrease in power to higher frequencies indicates a
loss in coherence determined by the shower disc thickness. We conclude that a
1The LOPES collaboration (see Appendix on page 139)
79
PhD thesis: Fast Flashes observed with LOFAR prototypes
80 Frequency spectra of CR air shower radio emission
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
broader bandwidth, larger collecting area and longer baselines, as will be pro-
vided by LOFAR, are necessary to further investigate the relation of coherence,
pulse length and spectral slope of cosmic ray air showers.
4.1 Introduction
Cosmic rays are particles or nuclei constantly bombarding the Earth’s at-mosphere with a large spread in energy. The origin of cosmic rays with
the highest energies is still unknown and therefore subject of intensive research
(Auger Collaboration: J. Abraham et al. 2007). These particles, mostly protons,
initiate an extensive shower of secondary particles travelling with almost the
speed of light through the air. The charged particles in the air shower produce
electromagnetic emission relativistically beamed in the forward direction. This
work probes the spectral dependence of the electromagnetic field produced in
these air showers in order to investigate the radio emission mechanism. Under-
standing the emission mechanism and its dependence on frequency and distance
to the shower core will be an important step to infer the primary particle species
of the cosmic ray.
The radio emission of charged particles in air showers was first observed in
1964 by Jelley et al. (1965) at 44 MHz and by Allan & Jones 1966 at 60 MHz.
Those early studies found strongly pulsed radio emission from air showers de-
tected with radio antennae triggered by particle detectors. A dependence of
the radio emission’s polarization on the geomagnetic field favored a geomagnetic
emission mechanism (see, e.g., Allan et al. 1967, 1969; Sun 1975). First quan-
titative radio frequency spectra were obtained from a few simultaneous narrow
band observations below 100 MHz by e.g. Spencer (1969), Allan et al. (1970) and
Prah (1971). In this earlier work, spectra decreasing in frequency were obtained
with spectral indices α between −2 and −1. However, radio measurements were
abandoned in the late 1970s, because of strong radio frequency interference in
the signal, difficulties with the interpretation of the measurements, and because
of the success of alternative observing techniques. An excellent review of the
early work can be found in Allan (1971a).
Interest in the radio technique was revived by the LOPES group (Falcke et al.
2005) and by the CODALEMA group (Ardouin et al. 2006), both using for the
first time digital data acquisition and powerful computers for data analysis on
the digitized radio signal. LOPES, the LOfar PrototypE Station, measured a
linear dependence of the electric field amplitude of the radio emission in extensive
cosmic-ray air showers on the energy of the primary particle. This result was an
important step in proving the radio emission process to be coherent.
The following two radio emission mechanisms are believed to mainly con-
tribute to the production of electromagnetic radiation in air showers. First, the
geomagnetic mechanism generates beamed synchrotron emission through rela-
tivistic electron-positron pairs in the Earth’s magnetic field, which is believed to
be the dominant mechanism (Allan et al. 1967; Allan et al. 1969). This ansatz
led to the description of coherent geosynchrotron emission at meter wavelengths
(Falcke & Gorham 2003). Second, relativistic particles emit Cherenkov radiation
as a kind of photonic shockwave (Askaryan 1962a,1965; Kahn & Lerche 1966).
However, the Cherenkov emission mechanism is more efficient in denser media
than air, like water and ice. Additionally, radio emission in air showers was
claimed to be dependent on the geoelectric field, and it was found, that strong
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electric fields in thunderstorm clouds can amplify the measured radio amplitudes
(Mandolesi et al. 1974; Gurevich et al. 2004; Buitink et al. 2007).
When a cosmic ray initiates an extensive air shower, a thin shower pancake
of particles is formed growing to about a few hundred meters in diameter. The
pancake has a thickness of a few meters, due to particle attenuation in the at-
mosphere and relativistic beaming at high gamma factors. Close to the axis
of the cosmic-ray air shower, the particle pancake is the thinnest and thus the
pulse profile received on the axis is expected to be the shortest. The radio
pulse is expected to broaden with distance from the shower core, mainly caused
by geometric-delays in the arrival time of longitudinal shower evolution stages
(Huege et al. 2007). The spectral shape of the radio emission is mainly deter-
mined by the distribution of electrons and positrons in the shower pancake, as
they emit synchrotron radiation. According to Monte Carlo simulations, the
spectrum starts with coherent emission at wavelengths larger than the shower
pancake thickness, and it falls off exponentially to higher frequencies, where co-
herence will be lost when the wavelength becomes comparable with the shower
thickness (Huege & Falcke 2005a).
A cosmic-ray radio spectrum is particularly interesting to probe the coherence
of the geosynchrotron emission and to study the width of the radio pancake,
which determines the length of the detected pulse. This is important for future
instruments, such as LOFAR, which will provide even larger bandwidths and
baselines than LOPES.
In this paper, we present electric field spectra determined from data recorded
by LOPES with 30 antennae dipoles. The instruments LOPES and KASCADE
are described in Section 4.2. The selection and data analysis of radio events are
explained in Section 4.3 and in Section 4.4, respectively. The obtained spectra
are shown and discussed in Section 4.5.
4.2 Instrument
The LOFAR prototype station LOPES2 (Horneffer et al. 2004; Falcke et al. 2005)
has been optimized for the detection of cosmic rays with energies around 1017 eV.
LOPES is placed in between particle detectors of the experiment KASCADE in
Karlsruhe. The data for this work were taken with LOPES operating 30 early
LOFAR prototype dipole antennae. KASCADE is the Karlsruhe Shower Core
and Array Detector located at the Forschungszentrum Karlsruhe, Germany. It is
made up of 16×16 particle detector stations placed on a 200×200 m2 rectangular
grid, with 13 m spacing, a central hadron calorimeter, and a muon tracking de-
tector. A layout of LOPES and KASCADE on the site of the Forschungszentrum
Karlsruhe is shown in Fig. 4.1.
KASCADE provides LOPES with a cosmic-ray trigger as well as particle
shower parameters, like muon number, electron number, direction of origin and
position of the shower centre (Antoni et al. 2003). These parameters have been
used to select cosmic-ray events for LOPES post-processing.
The LOPES hardware digitizes the radio signals measured by the dipole
antenna wires with a rate of 80 Megasamples per second and in a dynamic range
of 12 bits. The frequency band used for cosmic-ray detection ranges from 43 MHz
to 74 MHz, since the bandpass filter attenuates the received signal significantly
outside these limits. The data is stored on custom-made PC boards with a 1 GB
2www.lopes-project.org
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ring buffer for each dipole. The readout time of a 0.8 ms cosmic-ray event takes
about 1.5 s and the system is not sensitive to a new trigger for that period.
The data taken with LOPES are matched with the KASCADE data and sent
to storage units for further off-line analysis. LOPES was triggered with a large-
event-trigger from KASCADE, which requires a detection in 10 out of the 16
detector clusters of KASCADE.
4.2.1 Radio pulse broadening
LOPES measures the pulse at antenna level, thus at different positions and
distances from the shower core at the same time. Radio frequency interference
(RFI) is rejected by down-weighting of narrow spectral lines that lie three sigmas
above the average spectrum in two iterations. The signals of all antenna dipoles
are combined by beam-forming to increase sensitivity and to further suppress
RFI. The 30 antenna positions in the LOPES layout result in an average distance
of the antennae from any possible shower core position within KASCADE of
d¯ = 75 m.
Furthermore, the signal detected by the LOPES dipoles is bandpass filtered
within the limits from 40 MHz to 80 MHz. In principle, the filtered bandwidth
of 40 MHz broadens an infinitely short pulse in time to 25 ns (∆t ∼ 1/∆ν)
and changes the spectral slope outside the band due to attenuation. The im-
pulse response of a first LOPES antenna fitted with a Gaussian resulted in a
width of 57 ns (Horneffer 2006). Thus, additional broadening must be caused by
the phase-characteristic of the LOPES hardware, but the spectral slope is not
changed within the LOPES band. Therefore, the measured pulse lengths are
upper limits and the minimum detectable width is close to 25 ns.
4.2.2 Gain calibration
The inverted V-shaped dipole antennae of LOPES have a direction dependent
antenna gain and the data acquisition hardware as a whole has a frequency de-
pendent electronics gain. The electronics gain was determined for each antenna
in several dedicated calibration campaigns by measuring a well-defined signal
from a reference antenna mounted on a crane overhead LOPES (Nehls et al.
2007, subm., Fig. 4.2).
The direction and frequency dependent antenna gain calibration values
G(θ,φ,ν) for a LOPES antenna element, mounted on a metal pedestal, were cal-
culated with a simulation model by Arts (2005). The pedestal and the geometry
of the LOPES dipoles make the gain pattern frequency dependent. At the lower
end of the LOPES band, the contour-lines of equal gain in the pattern are oval-
shaped and the dipoles have their maximum sensitivity to the zenith with the
major axis of the ellipse being perpendicular to the dipole, lying in East-West
direction. With increasing frequency, the sensitivity maximum gets circular in
shape concentrating around the zenith (in the middle of the band) and then
the direction of maximum gain weakens, splits and moves down in elevation at
azimuth angles perpendicular to the dipole (see Fig. 4.3).
The output of the analog-digital converter (ADC) can be converted to units
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Figure 4.1: Layout of LOPES inside the KASCADE array (Horneffer 2006). The
252 small squares indicate the KASCADE particle detectors. The triangles show
the positions of the LOPES antennae, as they were positioned for this work, and
the circles highlight the first stage of LOPES with 10 operational antennae. The
three rectangles mark the electronic stations that house the LOPES electronics.
Each of these stations is collecting data from ten antennae elements. The top
station holds the master clock module and a board for the reception of the
KASCADE timestamp. Among the KASCADE detectors are three KASCADE-
Grande (Navarra et al. 2004) detectors (squares), which are spaced on a bigger
grid to cover a larger area and thus higher primary particle energies.
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Figure 4.2: The electronics gain factors are plotted for all 30 LOPES antennae.
The factors are for the correction of the received voltage measured in several
calibration campaigns at KASCADE in the band from 43 MHz to 74 MHz.
of field strength per unit bandwidth, using both sets of gains (Horneffer 2006):
〈εν〉 = |E|∆ν
=
1
∆ν
√
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Here E is the electric field from the air shower measured at the antenna, ∆ν
is the filtered bandwidth of the signal, ν is the observing frequency, G(θ,φ,ν) is
the direction and frequency dependent gain of the antenna (Fig. 4.3), Pant is
the power received by the antenna, Kν is the frequency dependent correction
factor for the electronics, as plotted in Fig. 4.2 for each antenna, VADC is the
voltage digitized by the ADC, RADC is the input impedance of the ADC, µ0 is
the electromagnetic permeability, and c the speed of light.
For earlier LOPES results the directional gain was averaged in frequency
and applied to the beam-formed time-series. For this work, it was applied in the
frequency domain to each individual frequency bin (see Section 4.4.1).
4.3 Event selection
For this analysis, events of LOPES using the 30 antennae setup from 2005-
11-16 to 2006-11-30 were studied. In this period, LOPES was recording in a
single polarization configuration, all dipoles were parallel and most sensitive to
radiation from the East-West direction. About one million events were triggered
and recorded within this period.
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Figure 4.3: Simulated gain patterns for a single LOPES dipole antenna, for
all directions in azimuth and elevation, at frequencies 50 MHz (top), 60 MHz
(middle) and 70 MHz (bottom), for a bandwidth of 1 MHz. The zenith lies in
the center of each plot and the white circles increase in steps of 30 ◦ in elevation
down to the horizon at the plot edges. The antenna dipole is lying horizontally
in the plots. The gain ranges from its minimum in black (gain = 0) to the
maximum gain in white (gain = 5). The dark contours are plotted in steps of
20%. Where five contours are visible (middle plot), they go from 20% gain to
100% gain.
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Events were pre-selected on parameters provided by KASCADE and by es-
timating the electric field strength:
est = (53± 4.9)
[
µV
mMHz
]
× ((1.09± 0.017)− cosϑ) (4.2)
× exp
( −RSA
(221± 62)m
)(
Nµ
106
)(0.99±0.04)
.
This formula is obtained from fits to all LOPES events detected with the
standard analysis software (Horneffer et al. 2007). Here Nµ is the muon number
at distances between 40 m and 200 m, which is provided by KASCADE, ϑ is
the geomagnetic angle (calculated using the shower direction reconstructed by
KASCADE), and RSA is the average distance of the antennae from the shower
axis.
The distance of the shower core from the KASCADE center was limited to
91 m to make sure that the shower core is lying inside the KASCADE array, so
that the shower reconstruction by KASCADE provides a high accuracy.
For this work, 71 radio events were pre-selected with a lower limit of
4 µV m−1 MHz−1 on the electric field strength obtained with Eq. 4.2.
For the spectral analysis, 23 events of the 71 events were selected with a
lower limit on the signal-to-noise ratio (SNR) of the E-field amplitude and the
E-field root-mean-square (RMS) of 5 for each spectral bin. For these 23 events,
a radio spectrum was generated with the two methods described in Section 4.4.
The estimated primary energy for these processed radio events lies mainly in the
range from 1017 eV to 1018 eV.
4.4 Data reduction
The standard analysis software is a modular software package and it was devel-
oped for the data reduction of LOPES radio events. This software was used to
pre-process the data for this work. The software allows one to view the data
at any step in the desired sequence of processing (Horneffer 2006). After cali-
bration, digital filtering and beam-forming of the selected events, the spectral
analysis was performed according to the following processing pipeline.
4.4.1 Processing pipeline
Two methods have been used to produce the electric field spectra. First, the de-
termination of the electric field amplitude of the cosmic-ray radio pulse detected
in the antennae cross-correlation beam (see Section 4.4.5) was filtered in several
adjacent frequency bins of the LOPES band from 43 MHz to 74 MHz. Second, a
Fourier transformation was applied to a few tens of samples around the full-band
radio peak detected in the simple antennae beam (see Section 4.4.4).
The processing structure for the production of the cosmic-ray electric field
spectra is shown in Fig. 4.4. The digitized signal is converted from ADC counts
(01) to voltage (02). A Hanning window is applied to the time-series data (03)
to reduce leakage in the successive FFT (04). In the frequency domain, weights
for the frequency dependent electronics gain (06), weights for correcting delays
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Figure 4.4: This flowchart of the cosmic-ray processing pipeline starts from the
raw data fj [n], where n is the index for the ADC samples per antenna j. The
signal converted from ADC counts to voltage is denoted as s. The Fourier
transformation is denoted as F and the inverse Fourier transformation as F−1.
The number of the frequency bins after Fourier transformation is indicated with
k. Directional dependence of the signal and the weights is indicated by the vector−→ρ . The outer dashed line encloses the processing per individual dipole and the
inner dashed line encloses the signal calibration steps in the frequency domain.
A more detailed description of the steps in the processing pipeline can be found
in Section 4.4.1.
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introduced by the instrument hardware (07) and weights to reduce RFI (08) are
applied to the frequency bins (05).
The resulting calibrated antenna signals (09) (as measured at the antenna
feeds) are multiplied with another set of complex weights to phase them in the
direction of the cosmic ray (10). The direction is provided by the KASCADE
experiment and the standard analysis software tries to refine it by fitting a
maximum to the cosmic-ray pulse emission in a radio skymap (see Section 4.4.3).
The phased antenna spectra (12) are corrected by the directional gain of the
antennae (11) and they are split in 16 sub-bands of 2.5 MHz applying modified
Hanning window functions (13) as described in Section 4.4.2. After inverse
Fourier transformation, the digitally filtered and calibrated antenna time-series
(14) are cross-correlated (15) to form the cc-beam, which is described in Section
4.4.5. For some events it became necessary to review the antenna selection and
the beam forming result, and to reject antennae that do not contribute to a
coherent pulse, which is indicated by the recursive arrow in Fig. 4.4.
From the resulting cc-beam (16) the background noise is subtracted (see
Section 4.4.7) and the amplitude of the electric field strength of the pulse (17)
is determined by averaging 32 samples (400 ns) around the pulse to obtain the
electric field spectrum.
For the second method, the phased full-band antenna spectra (12) are inverse
Fourier transformed back to time. The resulting filtered and calibrated antenna
time-series are averaged to form the simple f-beam (see Section 4.4.4). The cc-
beam was not used here, since it calculates the absolute value of the electric
field in the beam, whereas for the FFT-method, the full phase information is
needed and thus the f-beam was used instead (see Section 4.4.4). The f-beam
is also reduced by its background noise level and a modified Hanning window
is applied. Subsequently, the pulse found in the f-beam is Fourier transformed
back to the frequency domain to obtain the electric field spectrum. For the FFT,
32 samples (400 ns) around the air shower pulse (see Fig. 4.5) were chosen, to
minimize a contribution to the signal from the particle detectors and to obtain a
spectral resolution of 2.5 MHz matching the resolution of the first method. The
values in the top left corner of the plot read: in the 1st line: the event number,
the LOPES frequency window from 43 MHz to 74 MHz, the estimated primary
energy of 3.3× 1017 eV, the total electron number of 106.7, the truncated muon
number of 105.7 and the geomagnetic angle of 71 ◦; in the 2nd line: the electric
field amplitude of the cc-beam (cc) of 15.4 µV m−1MHz−1, the full-band peak
SNR of 45σ and the root-mean-square (RMS) of 0.3 µV m−1MHz−1; in the 3rd
line: the electric field amplitude of the f-beam (f) of 15 µV m−1MHz−1, the
full-band peak SNR of 70σ and the RMS of 0.2 µV m−1MHz−1. The RMS of
both full-band beams was determined on 0.2 ms of data well before and after
the air shower pulse (see Fig. 4.6).
4.4.2 Frequency window function
For the selection of the frequency sub-bands, a filter function has been applied.
The simplest window is a rectangular window. However, the sharp edges intro-
duce leakage.
For less sharp edges, a modified Hanning window is used. The Hanning
function applies only to the beginning quarter and to the end quarter of the
window. The Hanning window is basically a cosine-function and it has to be
applied to the frequency band around the center frequency increased by half the
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Figure 4.5: Comparison of full-band cross-correlation beam (cc-beam, solid line),
full-band field strength beam (f-beam, dashed) and full-band power beam (p-
beam, dash dotted) for a characteristic strong event. Additionally, Gauss-fits
to the cc-beam and f-beam are plotted (thin dashed line and thin dotted line).
The vertical lines (dashed) indicate the time window of the f-beam for which the
FFT was applied.
Figure 4.6: Comparison of the noise of the cross-correlation beam (cc-beam:
large RMS) and the noise of the field strength beam (f-beam: small RMS) of a
LOPES event for the period of 0.2 ms before and after the trigger. The peak
slightly left of center of the time-window is the air shower pulse.
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Figure 4.7: Modified Hanning windows (dashed) and rectangular windows (dot-
ted) for three sub-bands of the frequency band from 40 MHz to 80 MHz.
period of the cosine of the Hanning window, in order to preserve the integral of
the rectangular window (see Fig. 4.7).
4.4.3 Core position and beam direction
The core position and the direction used for beam-forming is provided by the
KASCADE experiment. The accuracy of the core position and shower direc-
tion of KASCADE for the selected showers of high energy are 1 m and 0.1 ◦,
respectively, valid up to a zenith angle of 42 ◦ (Antoni et al. 2003). The KAS-
CADE direction is optimized by finding the position of maximum emission in
a 4D radio image produced with the LOPES data. The axes of the four di-
mensions are time, azimuth angle, elevation angle and curvature radius of an
assumed spherical wavefront. The separation from the KASCADE direction for
the selected events increases slightly with zenith angle and ranges up to 2.9 ◦
with an average of (1.0±0.5) ◦ for zenith angles smaller than 75 ◦, which is con-
sistent with an earlier result of (0.8 ± 0.4) ◦ in Falcke et al. (2005), where only
events with a maximum zenith angle of 60 ◦ were analyzed (one sigma statistical
uncertainties).
4.4.4 Field strength beam
The field strength beam (f-beam) is the average of multiple antennae signals
being shifted by geometrical delays for the beam direction. The delayed antennae
signals are added and then divided by the number of antennae:
Sf (t) =
1
N
N∑
i=1
fi(t− τi). (4.3)
Here N is the number of antennae, f is the single antenna field strength time-
series, and τ the signal arrival time delay for the beam direction.
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4.4.5 Cross-correlation beam
The cross-correlation beam (cc-beam) is defined as the real part of a standard
cross-correlation of multiple antennae signals, shifted by one set of signal delays
for a certain direction. The data from each unique antenna pair are multiplied
with each other, the resulting values are averaged, and then the square root is
taken while preserving the sign:
Scc(t) = ±
√√√√√
∣∣∣∣∣∣ 1Npairs
N−1∑
i=1
N∑
j>i
fi(t− τi) fj(t− τj)
∣∣∣∣∣∣. (4.4)
Here N is the number of antennae, Npairs = N(N − 1)/2 is the number of
unique pairs of antennae, f is the single antenna field strength time-series, and
τ the signal arrival time delay for the beam direction. The advantage of the
cc-beam, compared to the simple field strength beam, is that only the coherent
signal is preserved within the beam and RFI which is only seen by a single
antenna is stronger suppressed, since auto-correlation terms are not taken into
account.
4.4.6 Power beam
The power beam (p-beam) is the average of all antenna auto-correlations:
Sp(t) =
√√√√ 1
N
N∑
i=1
f2i (t). (4.5)
Here N is the number of antennae and f is the single antenna field strength
time-series. The power beam is sensitive to the total power received by all the
antennae from all directions, independent of the coherence of the signal.
4.4.7 Background noise
The system noise in a LOPES beam towards the zenith was determined by aver-
aging background spectra of 664 arbitrary chosen events recorded over a period
of one year (11/2005 - 11/2006). For these background spectra, short pulses in
time and narrow band signals in frequency were attenuated by down-weighting
of single samples in time and single bins in frequency containing power exceeding
one sigma above the average in two iterations. The result in units of electric field
strength is plotted in Fig. 4.8 and in units of noise temperature is plotted in
Fig. 4.9. The spectral field strength was obtained by averaging the result of the
FFT applied to the filtered time-series of each event and the noise temperature
was calculated on the average spectral power of all events. The latter plot also
shows the galactic noise interpolated with a model for 45 MHz to 408 MHz:
Tν = 32 K × (ν/408 MHz)−2.5 (Falcke & Gorham 2003). The galactic noise is
lying only slightly below the system noise of LOPES. Furthermore, the power
during two periods of 48 hours, separated by half a year, showed a modulation
with 20% of the received signal, in accordance with the galactic plane crossing
the zenith. Thus, a LOPES beam is sensitive to the galactic noise, but still
dominated by the system noise. The values outside the band from 45 MHz to
72.5 MHz are strongly attenuated by the bandpass filter.
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The level of the background noise for the cc-beam and for the f-beam was
calculated on an event-by-event basis on two blocks of 0.2 ms in the first and sec-
ond half of each event. On average in time ncc = (−0.13± 0.06) µV m−1MHz−1
and nf = (0.6± 0.2) µV m−1MHz−1 (one sigma statistical uncertainty).
The parts of the event files for the noise-calculation leave out the event edges,
which are affected by the Hanning window. Also, they leave out the cosmic-ray
pulse and possible emission from the KASCADE particle detectors.
In the LOPES data, the signal of the particle detectors is trailing the radio
signal of the air shower, and the KASCADE trigger arrives about 1.8 µs later
at the LOPES electronics than the radio pulse. The peak of the KASCADE
emission is arriving shortly after the real air shower pulse, between 1.7 µs and
1.5 µs before the trigger arrives at the LOPES electronics and it is less than 1 µs
wide. The emission from the particle detectors is received by each antenna from
several directions. Therefore the detector noise does not add coherently and it
is attenuated in the beam-forming process.
The root-mean-square (RMS) of the background of the cc-beam was deter-
mined for each frequency bin on the same parts of each event as the noise level
above. The RMS of the f-beam of each event was determined as an average of
50 spectra calculated on blocks of 32 samples, which were chosen away from the
cosmic-ray pulse.
4.4.8 Slope correction
In Fig. 4.10, the slope of the 664 noise spectra recorded over the earlier men-
tioned period of one year is plotted as a function of zenith angle. The plot
shows a steepening of the slopes of events with higher zenith angles. The vari-
ation of the sky noise is averaged out over the period of one year and it is not
observed to change with zenith angle. A small contribution might come from
remaining RFI increasing in signal strength to the horizon. However, the main
contribution is introduced by deviation of the frequency dependent antenna gain
calibration from the real antenna gain. This dependence affecting the slopes of
the air shower spectra was corrected by dividing each spectra by a normalized
correction spectrum:
ˆν = ναf−αr/ναf−αr .
Here ˆν is the electric field amplitude for the frequency bin ν, αf is the slope
parameter for the measured spectrum obtained from a fit to the slopes in Fig.
4.10 of −0.008× (90− θ/◦)− 1.2, and αr is the slope of the reference spectrum
in the zenith (Fig. 4.8) of −1.2.
4.4.9 Pulse amplitude
The field strength amplitude of the frequency filtered cc-beam was determined
by averaging it over a time window with the size of the inverse sub-band. As
an example, a broadened pulse for a sub-band of ∼ 1.3 MHz is plotted in Fig.
4.11. The values in the top left corner of the plot read: the event number 13,
the frequency sub-band from 48.1 MHz to 49.4 MHz, the E-field peak SNR of
27.1σ of the frequency bin and the offset between the full-band peak maximum
and the sub-band peak maximum of −20.4 ns. The cc-beam shows correlation
fringes for the center frequency of the sub-band. For comparison, the Gauss-fit
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Figure 4.8: System noise spectrum of the LOPES beam to the zenith in units
of electric field strength calculated on 664 events of 1 ms recorded over a period
of one year (11/2005 - 11/2006). The numbers on the bottom of the plot are,
respectively, the slope parameters α and β for a power-law function and an
exponential function fitted to the spectrum (dashed line).
Figure 4.9: Spectrum of the LOPES beam to the zenith in units of noise temper-
ature calculated on 664 events of 1 ms recorded over a period of one year. The
numbers on the bottom of the plot are the slope parameters α and β for a power-
law function and an exponential function fitted to the spectrum (upper dashed
line). The power in the frequency bins at 52.5 MHz and 67.5 MHz contained
strong variations, which suggests that not all RFI could be rejected before the
calculation of the spectrum. The galactic noise is plotted for comparison (lower
dashed line).
PhD thesis: Fast Flashes observed with LOFAR prototypes
94 Frequency spectra of CR air shower radio emission
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 4.10: Spectral index of 664 noise spectra as a function of zenith angle.
The average slope is α = −1.4± 0.3 and the fitted line is described by −0.008×
(90− θ/◦)− 1.2.
on the smoothed full-band peak was broadened in width by the total number of
frequency bins of 24. The plotted pulse for a sub-band below the center frequency
of the LOPES band is higher than the full-band pulse, which is consistent with
the negative slope in the resulting spectrum.
4.4.10 Uncertainty estimation
The uncertainty of the determined electric field strength is affected by the di-
rection and frequency dependent gain factors, phase uncertainties introduced by
the electronics and the background noise:
∆ =
√(
δ
δt
)2
+
(
δ
δα
)2
+
(
δ
δφ
)2
(4.6)
Here
(
δ
δt
)
is the statistical uncertainty (RMS) of the background noise (see
Section 4.4.7),
(
δ
δα
)
is the statistical uncertainty of the E-field dependence on the
beam-forming direction and
(
δ
δφ
)
is an estimated uncertainty of 5% introduced
by phase uncertainties remaining after delay calibration (Horneffer 2006).
The dependence of the E-field on the beam-forming direction is implemented
in the gain calibration and a statistical uncertainty is estimated for each direction
and frequency sub-band calculating a gradient δGδα on the beam-pattern:
 = k · 1√
G (α)(
δ
δα
)
= k · −1
2
G (α)−1.5 · δG
δα
(4.7)
= k · 1√
G (α)
· − 1
2G (α)
· δG
δα
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Figure 4.11: Cross-correlation beam filtered in a frequency sub-band (thin solid
line) and scaled full-band Gauss-fit (dashed). The vertical lines (dash-dotted)
indicate the beginning and end of the part of the cc-beam that was averaged and
the dot in the middle indicates the resulting value of 76.6 µV m−1MHz−1. The
dot lies at a higher field strength, since its frequency bin lies below the center
frequency of the full-band beam of 60 MHz. and the spectrum has a negative
slope.
Table 4.1: List of uncertainties on the determined electric field strengths of all
23 analyzed events in units of µV m−1MHz−1. The values in brackets are the
averaged percentages of the actual electric field values.
Method RMS Gain Uncert. Phase Uncert.
cc-beam 1.59 (7.1%) 0.35 (1.56%) 1.13 (5%)
f-beam 0.78 (3.8%) 0.32 (1.56%) 1.01 (5%)
Here  is the electric field strength, k is a constant factor (see Eq: 4.1), G (α)
is the direction dependent gain factor, and δGδα is its gradient.
The determined uncertainties are consistent within the uncertainties appli-
cable to earlier LOPES results (Horneffer 2006). For all 23 analyzed events, the
average uncertainties are listed in Table 4.1.
4.5 Results
For the electric field spectra, a frequency resolution of 2.5 MHz (16 bins over
the 40 MHz band) was chosen as a compromise between pulse broadening and
sufficient spectral resolution to reveal phase uncertainties. The phase uncertain-
ties are mainly caused by narrow band RFI and deviations from the frequency
dependent gain calibration. The radio spectra from Monte Carlo simulations
were parametrized with an exponential (Huege & Falcke 2005b). For compari-
son, an exponential ν = K · exp(ν/MHz/β) and a power-law form ν = K · να
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were fitted to the data of the single and the average spectra obtained by both
methods and corrected as described in Section 4.4.7. However, the χ2red of both
fit types turns out to be the same and thus both functions fit equally well. The
resulting fit values can be found in Section 4.5.2 and Table 4.2 at the end of the
paper.
4.5.1 Single event spectra
Radio spectra were calculated for 23 LOPES events. Characteristic values for
each event are listed in Table 4.2, including the event number, the event date,
the electric field strength measured in the whole LOPES band from the spectra
, the spectral index α, the exponential fit parameter β, the width of the Gauss-
fitted full-band pulse ∆t, the E-field peak SNR from the spectra in sigma σ,
the estimated primary energy Ep (Glasstetter et al. 20053, only reliable down to
48 ◦ elevation, no values are given below 20 ◦ elevation), the direction (azimuth
φ and elevation θ), the angle of the shower axis with the geomagnetic field ϑ, the
average distance with the variation of the antennae to the shower core d and the
number of antennae used for beam-forming N . The values for , α, β, ∆t and σ
are given as the average result from the cc-beam and the f-beam. The error was
chosen as the maximum from both methods.
Additionally, six single event spectra for both methods are plotted in Fig.
4.14. For each spectrum an average noise spectrum was calculated by FFT
of 50 blocks offset from the cosmic-ray radio pulse, which is plotted as well.
Furthermore, two spectra from Monte Carlo simulations are added to each plot
for an inclined shower with θ = 45◦ and for a vertical shower with θ = 90◦
(Huege et al. 2007). The showers were simulated for a proton with a primary
energy of Ep = 1017 eV, an azimuthal viewing angle of φ = 45◦ from the observer
measured at a shower core distance of 100 m and were scaled to have the same
average as the single spectra for comparison.
The values on the top of the plots in Fig. 4.14 read; in the 1st line: the event
number, the measured electric field strength from the spectra, the E-field peak
SNR from the spectra in sigma, the estimated primary energy (Glasstetter et al.
20054), the width of the Gauss-fitted full-band pulse, the direction (azimuth
angle and elevation angle) and the geomagnetic field angle; in the 2nd line: the
fit parameters α and β for the spectral slope. All the E-field values, slope values,
sigma values and width values in the table and the plots in the appendix are
given as the average of the f-beam and the cc-beam method together with the
maximum uncertainty.
The six plotted events have the following special characteristics. The ana-
lyzed events indicate that with larger pulse width, lower frequencies dominate
and steepen the spectrum (see event [16] with a width of 51 ns and a flat spec-
trum, versus event [7] with a width of 101 ns and a steep spectrum). The latter
event was found to be recorded during thunderstorm activity in the vicinity of
LOPES. Strong electric fields in the clouds may have enhanced the radio emis-
sion and broadend the pulse (Buitink et al. 2007). However, the sample is too
small and no significant dependence was found. Furthermore, the measured elec-
tric field amplitude increases with increasing angle of the shower axis with the
geomagnetic field, as expected, according to the geomagnetic emission mecha-
nism (compare event [10] with 11 µV m−1MHz−1 and 51 ◦, versus event [5] with
3http://www-ik.fzk.de/~ralph/CREAM1.php
4http://www-ik.fzk.de/~ralph/CREAM1.php
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20 µV m−1MHz−1 and 89 ◦). In addition, two events with the largest electric
field amplitude are plotted in Fig. 4.14, which have the smallest uncertainty (see
event [20] and [21] with geomagnetic angles of 78 ◦ and 70 ◦).
4.5.2 Average field spectrum
An average field spectrum was calculated to obtain an average spectral slope for
the 23 selected LOPES events (Fig. 4.12). For this plot, the single event spectra
were normalized by their mean to unity to make them energy independent and
then they were averaged. The numbers on the top indicate the number of events
taken into account for the average spectrum and the parameters from the spectral
fits to the plotted spectra. The average exponential fit with the parameter β is
plotted for the two methods.
The exponential parameter is obtained with β = −0.019 ± 0.004 and the
spectral index is obtained with α = −1.0 ± 0.3. These fit parameters apply to
an average zenith angle of the 23 events of 53 ◦ and an average distance of the
antennae from the shower core position of 76 m.
The average spectrum measured confirms basic expectations of Falcke &
Gorham (2003), but it is not consistent within the uncertainties and it is slightly
steeper than the slope obtained from Monte Carlo simulations based on air show-
ers simulated with CORSIKA (Cosmic Ray Simulations for KASCADE). The fit
parameters from simulations of a 45 ◦ inclined air shower are β = −0.0085 and
α = −0.49; and the values for a vertical shower are β = −0.012 and α = −0.7
(Huege et al. 2007). For a closer comparison, simulations on single event ba-
sis are necessary taking into account polarization characteristics of the LOPES
antennae and those simulations have not yet been performed.
For further comparison, the spectral index recently measured by the CO-
DALEMA group for a single event spectrum is α = −1.5 ± 0.2 (Ardouin et al.
2006), which is consistent with the average slope we obtained for the uncorrected
spectra.
4.5.3 Discussion of methods
The major difference in the determination of the electric field strength, between
the calculation of the spectra and the standard analysis software, is that the
latter fits a Gaussian to the pulse. The standard software assumes the pulse to
be Gaussian and any deviation of the real cosmic-ray radio pulse shape will cause
deviations in the resulting electric field strength. Thus, the method used here for
the spectra is more sensitive to the shape of the radio pulses. The electric field
strengths determined from the spectra agree within ±30% with those obtained
with the standard analysis (one sigma statistical uncertainty).
The two methods for the spectra determination are in statistical agreement.
The noise on the cc-beam is a few percent (∼3 %) larger than the noise on the
f-beam (see Section 4.4.7). Furthermore, the f-beam method is more accurate,
since the statistical uncertainties of all events averaged by weighting is only half
of the value obtained for the cc-beam method. Additionally, the χ2 of the fits
on the spectra from the f-beam method are on average an order of magnitude
better than for the cc-beam method.
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Figure 4.12: Comparison of average cosmic-ray electric field spectra obtained
with 23 LOPES events by two different methods. Before averaging the single
spectra were normalized to unity. The frequency bin values determined on the cc-
beam (circles) and the Fourier transformation of the f-beam (squares) are fitted
with one exponential, visible as a straight line in this log-linear plot (dashed
line).
4.5.4 Pulse width analysis
The resulting average radio spectrum can be used to obtain an average shape
for the measured radio pulses by inverse Fourier transformation. However, the
phases are modified by the electronics, which at the moment, we cannot correct
for. Thus, a lower limit on the pulse width can be provided by applying an inverse
Fourier transformation on the measured spectral amplitudes (see Fig. 4.13). The
obtained pulse was upsampled in frequency to increase the number of samples
for a fit. The amplitude was normalized to unity, since it is not comparable
with earlier E-Field values. A Gaussian fit on the obtained pulse results in
a full-width-half-maximum (FWHM) of 40 ns. As expected, this minimum is
slightly smaller than the impulse response of the electronics of ∼ 57 ns. The
average pulse width of the analyzed events resulted in 60 ± 20 ns (one sigma
statistical uncertainty). This value was calculated on 41 events, for which the
difference between the f-beam width and the cc-beam width was not larger than
two samples (25 ns). The two samples are a quality criterion. The simulated
and measured pulse width set an upper limit of 60 ns and the minimum pulse
width a lower limit of 40 ns for the single selected LOPES pulses. Therefore, the
obtained spectral slopes provide an upper limit, possibly broadened by unknown
phase uncertainties, which were estimated for the uncertainties in the spectra.
4.6 Conclusion and outlook
With a sample of 23 strong LOPES events, we measured the radio spectrum
received from cosmic-ray air showers detected with up to 24 simple dipole an-
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Figure 4.13: Pulse obtained by inverse Fourier transformation of the amplitudes
of the average electric field spectrum (solid line). The width of the Gaussian fit
results in 40 ns (dashed line). The amplitude is normalized to unity.
tennae oriented in the East-West direction over a frequency band of 40 MHz.
The spectra show that a direct Fourier transformation can be performed on the
beam-formed radio pulses measured with LOFAR. The accuracy, with which
the spectral amplitudes can be obtained, is limited by the instrument noise and
phase uncertainties. Furthermore, the quality of the spectral slope is limited by
the quality of the antenna gain model, which was simulated and measured in
several calibration campaigns.
The average slope of the spectra obtained with LOPES confirms basic expec-
tations, but it is not consistent within uncertainties and it is slightly steeper than
the slope obtained from Monte Carlo simulations based on air showers simulated
with CORSIKA. The simulations show for the LOPES band flatter spectra to
higher zenith angles and larger distances from the shower core position, and
they show steeper spectra for increasing the azimuth from direction North to
direction East.
As expected, the spectral slopes of the selected sample of events depend on the
length of the pulse, where longer pulses result in steeper spectra. However, taking
into account the low number statistics, the spectra do not show a significant
dependence of the slope on the electric field amplitude, the azimuth angle, the
zenith angle, the curvature radius, nor the average distance of the antennae from
the shower core position.
According to the obtained spectral slopes, the maximum power is emitted be-
low 40 MHz. Furthermore, the decrease in power to higher frequencies indicates
a loss in coherence determined by the shower disc geometry.
For the study of the lateral dependence of the air shower radio spectrum, as
a function of distance to the shower axis, a larger array with longer baselines
and more sensitive antennae is needed. LOFAR will have a very dense core
with baselines up to 500 meters, a collecting area of ∼ 10000 m2 at 75 MHz, a
frequency range from 10 MHz to 290 MHz, sampled at 200 MHz and thus will
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be perfectly suited to improve on results obtained here. Most important will be
to probe the coherence of the air shower radio signal to higher frequencies to
infer on the geometry of the shower disc. Understanding the shower geometry
will allow us to determine the primary particle species using radio only.
Furthermore, within the Pierre Auger collaboration, a sparse radio antenna
array is under development (van den Berg & The Pierre Auger Collaboration
2007). The antennae will be tested in the field of the Pierre Auger observatory
(PAO5). The PAO measures cosmic-ray air showers with particle detectors on
an area of 3000 square kilometers with distances between the particle detector
stations of 1.5 km. Therefore, the PAO responds to a higher primary particle
energy range than LOPES, which is lying beyond 1018 eV.
A next step will be the simulation of complete air showers based on param-
eters provided by KASCADE and LOPES including the hardware response of
LOPES. Such simulations will allow a close comparison of theory and experi-
ment.
Andreas Nigl performed the data selection and analysis from the raw radio
data product obtained from Karlsruhe to the presented results. He modified the
standard LOPES software for that purpose, added frequency dependent gain
calibration and developed the methods for calculating the spectra from scratch.
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Figure 4.14: Single event cosmic-ray electric field spectra determined on six
LOPES example events. Each plot includes a spectrum determined on the cc-
beam (circles) for 12 sub-bands, a spectrum determined on the f-beam (squares)
by FFT of 32 time-samples around the radio pulse, a noise spectrum determined
by FFT on 50 blocks of 32 samples offset from the pulse (squares in the middle
of each plot). The spectra of the cosmic-ray air shower radio pulse are fitted
with an exponential, visible as a straight line in these log-linear plots (cc-beam:
dash-dotted & f-beam: dash-dot-dot). In addition, the simulated data of an
inclined shower (dotted) and a vertical shower (dashed) are plotted. For more
details see second last paragraph of Sec. 4.5.1.
Chapter 5
Direction identification in radio
images of cosmic rays detected
with LOPES and KASCADE
A. Nigl et al.1
(submitted to A&A on 2007-12-05)
Abstract. We want to understand the emission mechanism of radio emission
from air showers to determine the origin of high-energy cosmic rays. Therefore,
we study the geometry of the air shower radio emission measured with LOPES
and search for systematic effects between the direction determined on the ra-
dio signal and the direction provided by the particle detector array KASCADE.
We produce 5D radio images on time-scales of nanoseconds using digital beam-
forming. Each pixel of the image is calculated for three spatial dimensions and
as a function of time and frequency. The third spatial dimension is obtained
by calculating the beam focus for a range of curvature radii fitted to the signal
wave front. We search this multi-dimensional parameter space for the direction
of maximum coherence of the air shower radio signal and compare it to the
direction provided by KASCADE. The maximum radio emission of air show-
ers is obtained for curvature radii being larger than 3 km. We find that the
direction of the emission maximum can change when optimizing the curvature
radius. This dependence dominates the statistical uncertainty for the direction
determination with LOPES. Furthermore, we find a tentative increase of the
curvature radius to lower elevations, where the air showers pass through a larger
atmospheric depth. The distribution of the offsets between the directions of
both experiments is found to decrease linearly with increasing signal-to-noise
ratio. Significantly increased offsets and enhanced signal strengths are found
in events which were modified by strong electric fields in thunderstorm clouds.
We conclude that the angular resolution of LOPES is sufficient to determine the
direction which maximizes the observed electric field amplitude. However, the
statistical uncertainty of the directions is not determined by the resolution of
LOPES, but by the uncertainty of the curvature radius. We do not find any sys-
tematic deviation between the directions determined from the radio signal and
1The LOPES collaboration (see Appendix on page 139)
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from the detected particles. This result places a strong supportive argument for
the use of the radio technique to study the origin of high-energy cosmic rays.
5.1 Introduction
Cosmic rays are particles penetrating the Earth’s atmosphere with energiesfrom GeV up to EeVs. These particles (mostly protons) have been measured
directly up to energies of PeV. Most cosmic rays up to GeV energies are thought
to be produced in our Galaxy by stars, and beyond those energies in supernova
remnants. However, the origin of the highest energy particles is still unclear.
Therefore, the study of high-energy cosmic rays is important to find their
sources and to understand how they were accelerated. However, the flux drops
with a steep spectrum from about one particle per year per square meter at PeV
energies, to about one particle per century per square kilometer at EeV energies.
Because of this low flux and a certain interaction in the Earth’s atmosphere,
cosmic rays with energies beyond a few PeV are measured indirectly by a cascade
of secondary particles. Billions of secondary particles are produced in these
cascades called extensive air showers and hundreds of thousands of them reach
particle detectors on the ground.
These particle showers allow to determine the direction from which the pri-
mary particle entered the Earth’s atmosphere. However, the direction to the
source depends on the deflection of the primary particle by the magnetic field
distribution in our Galaxy. The higher the energy, the smaller the deflection of
the particle; and for very high energies larger than 1018 eV (1 EeV), the proton
cyclotron radius becomes larger than the dimension of our Galaxy so that its
trajectory possibly points back to its source.
Measurement of these cosmic rays over long periods can reveal a clustering of
events, which would enable the identification of their sources and the determina-
tion of the particle acceleration process (Auger Collaboration: J. Abraham et al.
2007).
Cosmic-ray air showers and their origin have been studied with particle de-
tectors since Auger et al. (1939). The position of the shower axis on the ground
is determined from the lateral distribution of particles (Mayer 1992), which de-
creases with distance from the shower core; and the direction is determined on
the particle arrival times (Mayer 1993).
Falcke et al. (2005) and Ardouin et al. (2005) showed that radio emission from
cosmic-ray air showers can also be used to determine the energy of the primary
particle. This result revived the detection of air showers in the radio regime,
which were first observed in 1964 by Jelley et al. (1965) and Allan & Jones
(1966). The radio emission in particle cascades is produced by electrons and
positrons being deflected in the Earth’s magnetic field. Both emit beamed co-
herent radiation called geosynchrotron emission (Falcke & Gorham 2003). Since
the electromagnetic emission is not attenuated by collisions, it reaches the ground
and therefore the longitudinal shower development can be studied by observing
the emission at several distances from the shower axis. The peak voltage of the
radio emission detectable on the ground depends approximately linearly on the
energy of the primary particle (Huege & Falcke 2005b). In addition, the radio
emission increases with increasing geomagnetic angle between the cosmic-ray
trajectory and the Earth’s magnetic field (Falcke et al. 2005).
A new generation of radio telescopes like LOFAR and LOPES can digitize
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the signals from cosmic-ray air showers detected by many simple dipole antennae
providing them with high time, frequency and spatial resolution. These powerful
interferometers can be used to determine the direction of origin of the beamed
and coherent emission produced in air showers.
In this article, we present the determination of the direction of several hun-
dreds of cosmic-ray air showers measured in the radio regime with the LOFAR
Prototype Station (LOPES, Horneffer et al. 2004) at energies above 1017 eV.
We determine the exact direction of maximum emission by searching a small 4D
radio map in the direction provided by the triggering KArlsruhe Shower Core
and Array particle DEtector (KASCADE, Antoni et al. 2003). The resulting
distance between the radio-direction and the particle-direction is analyzed for
systematic effects.
The data acquisition and event selection is described in Section 5.2. the
direction determination is explained in Section 5.3. The dependencies of the
shower emission maximum are elaborated in Section 5.3.3, and the results are
discussed in Section 5.4.
5.2 Data acquisition
LOPES consists of 30 inverted-V-shaped dipoles placed between the particle de-
tector stations of the KASCADE experiment. LOPES receives a coincidence
trigger from KASCADE and stores less than a millisecond of radio data before
and after its reception. The signal of each antenna is amplified, filtered in the
band from 40 MHz to 80 MHz, digitized with 80 Megasamples per second, and
written to disk. The digitally stored time-series of about 0.8 ms for each antenna
is processed off-line, where we perform absolute calibration, we reduce radio fre-
quency interference (RFI) by down-weighting of narrow-band lines in frequency,
and form a beam by adding up or correlating the time-shifted antennae for the
direction given by KASCADE. In addition to the direction information, KAS-
CADE provides parameters such as the shower core position, electron number
and muon number which allow the estimation of the primary energy. More de-
tails on the LOPES data acquisition and data processing can be found in Nigl
et al. (2007, in prep.).
The directional accuracy of KASCADE was determined on simulated show-
ers. The simulations also included the response of the particle detectors. The
shower reconstruction of the simulated showers was performed with the same
reconstruction software as for real data. The accuracy from the simulations
was confirmed by comparing real showers reconstructed with all detectors and
reconstructed by using only every second detector. The shower direction is re-
constructed by KASCADE with an accuracy of about 0.1 degrees at the zenith
and the shower core position with an accuracy of about 1 meter, both for an
event with an electron number of 106.5 (∼ 1017 eV). The directional accuracy
improves with increasing shower size and reduces with inclination angle. Beyond
42 degrees zenith angle, the directional uncertainty is strongly increased due to
the reduced acceptance of the particle detectors. The mentioned accuracy of
KASCADE is valid for showers hitting the particle detector array within a cen-
tered circle with a radius of 91 meters, so that the core is at least 10 meters
inside the array (Antoni et al. 2003).
For this work, 664 LOPES events were pre-selected with a lower limit on
the muon number of 105.2 (> 1016 eV) and a cut on the distance of the shower
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core from the array centre of 91 meters. These events have been acquired from
2005-11-16 to 2006-07-23.
5.3 Direction Determination
The phasing of an array by digital beam-forming is usually done in direction of a
source at infinite distance. However, the air shower radio emission is produced in
the Earth’s troposphere by an extended emission-region and therefore, the wave-
front is not flat. As a first approximation, a spherical wavefront was assumed for
the radio emission reaching the antennae of LOPES. The spherical wavefront is
defined by a specific curvature radius (beam focus) and a shower core position
on the ground. The resulting distance of the beam focus does not necessarily co-
incide with the distance of the maximum emission in the air shower. This needs
to be investigated in shower simulations in order to study the real shape of the
shower front and its relation to the position of the maximum radio emission and
the position of the maximum number of particles, respectively. The relation be-
tween the maximum in the radio shower and in the particle shower might enable
the determination of the particle species from the shower radio emission only.
These simulations are not part of this work. Monte Carlo simulations by Huege
& Falcke (2005b,Fig. 5) show an indication of a more complex shower wavefront
than a spherical one.
5.3.1 Five-dimensional radio image
For each cosmic-ray event, all pixels of a five-dimensional radio image were cal-
culated spanning azimuth, elevation, curvature radius, time and frequency. The
image was calculated with an extension of 50× 50 pixels, with an angular reso-
lution of 0.2 ◦. The map was centered on the direction given by KASCADE.
The shower core position for the spherical beam-forming was taken from
KASCADE. The curvature radius for the beam-forming algorithm was chosen
to range from 1 km to 10 km in 37 steps of 250 m. The time resolution was the
LOPES sample-time bin of 12.5 ns. The time window was chosen to be 1.6 µs
(128 samples), so much larger than the length of a typical cosmic-ray radio
pulse of a few samples in time, to avoid distortion of the pulse in the image
due to edge-effects in the beam-forming process. The signal has been integrated
over the LOPES band from 43 MHz to 74 MHz, which reduces the number of
dimensions of the image to four. The shower core position, which is used for the
beam-forming process remains constant at the value provided by KASCADE.
The intensity of the cosmic-ray event in the image corresponds to the power
measured in the LOPES beam. The imager performs beam-forming by adding
up the antennae and not by correlating them, as it is used for calculating the
E-field amplitude at the position of the maximum from the image.
Oscillations in the signal shorter than the inverse of the bandwidth are not
real but they are caused by over-sampling a bandpass broadened signal. There-
fore, the final 4D image was Hanning-smoothed in time by a weighted average
of every pixel with its two neighbouring pixels.
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5.3.2 Emission maximum
The emission maximum in the 4D image was located, firstly, by determining
the time of maximum emission for each slice in curvature radius by selecting the
2D-azimuth/elevation-slice containing the pixel with the maximum intensity. For
this search in time, 41 of the 128 available samples around the window center were
scanned. Secondly, each of the 2D curvature-slices at the temporal maximum is
searched for the position of the brightest point source (FINDPOINTSOURCES
function of CASA/AIPS++ 2 v1.9, build 1360, Shannon 1996). A plot of an
example event can be found in Fig 5.4. In case multiple sources were found, the
direction of the strongest one was saved and the other sources were classified
as side-lobes. As a result, the position in time and the direction in azimuth-
elevation were calculated as a function of curvature radius.
The two-dimensional spatial shape of the cosmic-ray radio emission in the
image is mainly determined by the beam-shape (point spread function, PSF)
and depends on the layout of the selected antennae. The PSF of the emission
is assumed to be spherical at the zenith. At lower elevations, the resolution in
elevation of LOPES is reduced by the sine of the elevation angle. A theoretical
uncertainty for the determination of the direction is obtained following Taylor
et al. 1999:
∆αmin = ±12
N
P
λ
D cosθ
(5.1)
Here ∆αmin is the minimum statistical uncertainty of the determined direc-
tion, P is the electric field strength of the detected pulse, N is the noise in
the LOPES beam, λ is the wavelength, D is the diameter of the LOPES an-
tenna array, and θ is the zenith angle. The angular resolution ϑ = λ/D cosθ or
beam width of LOPES is 2.2 ◦ for the zenith (λ = 5 m, D cosθ = 130 m). An
example-event of LOPES at an estimated primary energy of 50 PeV, an electron
number of 106.7, and a zenith angle of 13.0 ◦ (for LOPES and KASCADE) was
obtained with a E-field peak signal-to-noise ratio (SNR) of P /N = 8.5 resulting
in an uncertainty of 0.13 ◦, which is about the same accuracy as mentioned for
KASCADE.
5.3.3 Dependencies of the measured electric field
In the time domain, the air shower pulse is expected at approximately 1.8 µs
before the trigger from KASCADE arrives at the antennae (Horneffer et al. 2004).
Fig. 5.1 shows the intensity maximum of the image-slices as a function of time
(x-axis) and curvature radius (different curves). The curves for the different
curvature radii from 1 km to 10 km show that the intensity in the signal at
−1.8 µs is increasing until the best fit is found, whereas the intensity of the
background noise stays the same.
The intensity of the maximum source in each skymap increases steeply, when
increasing the curvature radii from 1 km to about 3 km, which is due to increasing
coherence of the cosmic-ray air shower pulses in the individual antenna signals.
For larger curvature radii, the intensity either keeps increasing asymptotically
or a maximum is found, as in Fig. 5.2. For the plotted event the intensity peaks
at 3 km.
2www.aips2.nrao.edu
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The intensity as a function of azimuth, elevation, and curvature radius (dif-
ferent curves) is shown in Fig. 5.3. The different curves show with increasing
curvature radius the increase in the intensity of the pulse, while the intensity of
the side-lobes next to the pulse stay the same or are reduced in intensity.
In addition to the change in the intensity, in the plot with intensity versus
elevation (bottom panel of Fig. 5.3), the position of the pulse-maximum shifts
with increasing curvature radius to higher elevations by about two degrees. We
attribute this to the offset between the phase center of the LOPES array and
the shower core position as provided by KASCADE. The larger the distance
between both, the more the position of the emission maximum changes, when
varying the curvature radius for the beam-forming.
This beam-forming effect was tested by artificially introducing an extra delay
by half a sample to all antenna data. This subsample shift is equivalent to a
half-sample interpolation of the data, when correcting the time-axis by half a
sample in the opposite shifting direction. The result of this method is displayed
in Fig. 5.4, which is showing the skymaps for the unmodified and for the shifted
data, respectively. It turns out, that the interpolation of the antenna data, from a
sample time of 12.5 ns to 6.25 ns, can further optimize the electric field amplitude
of the air shower signal found in the beam. This is due to the sampling of the
LOPES antennae signals in the second Nyquist-zone from 40 MHz to 80 MHz
with a sample frequency of 80 MHz. Second Nyquist-sampling preserves all
signal information, which can be recovered by digital upsampling with, in our
case, a factor of two.
We effectively did this by also analyzing the interpolated data. In addition
to an increase in the electric field amplitude, the pulse shifted in position, as
observed when optimizing the curvature radius. Therefore, we conclude that
the upsampling is necessary for the determination of the correct electric field
amplitude.
5.4 Event selection
The 664 pre-selected events (see Sec. 5.2) were processed as described above and
then 232 events were selected having a minimum E-Field peak SNR of 6. The cut
on the SNR of the events has been applied since for low SNR the measured noise
from the KASCADE particle detectors dominates the air shower emission, which
leads to a wrong fit when searching for the pulse profile in the time window of
the 4D image. The plot in Fig. 5.1 shows this window and the air shower pulse
lies at −1.8 µs, with increased curvature radius rising above the particle detector
noise of KASCADE at −1.75 µs to −1.6 µs. For events with a SNR below 6
the cosmic-ray radio pulse does not exceed the emission from KASCADE and
the wrong signal is fitted. A third selection criterion on the coherence of the
signal, obtained from the cross-correlation beam, and a fourth criterion on the
elevation angle not to be smaller than 15 ◦ reduced the number of the selected
events further to 62.
The cross-correlation beam is formed by correlating all paired combinations
of the shifted antenna signals. The third selection criterion required the ratio of
the electric field amplitudes of the cross-correlation beam and the total power
beam to be larger than 0.73, which is one sigma above the average fraction of
all events. This selection favors inclined events, since RFI from the KASCADE
detectors is reduced, due to their reduced acceptance to larger zenith angles (see
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Figure 5.1: Maximum electric field amplitude of the image as a function of time
for different curvature radii. The amplitude of the pulse at −1.8 µs increases
with beam-forming curvature radii (see Fig. 5.2).
Figure 5.2: Maximum electric field amplitude of the image as a function of beam-
forming radius (distance from the observer to the beam focus) for an event with
an estimated primary energy of 3× 1017 eV.
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Figure 5.3: Electric field amplitude as a function of azimuth (top) and elevation
(bottom) at the time of maximum emission in the image for different curvature
radii. The amplitude of the curves increases with beam-forming radii (see Fig.
5.2).
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Figure 5.4: Example of radio skymaps for one LOPES event with original sam-
pling (top) and with a half-sample shift applied to all antennae signals before
beam-forming (bottom). The split maximum in the top plot is not real and
merges to one maximum with higher temporal resolution. The skymaps show
the air shower radio emission in stereographic projection (STG, Calabretta &
Greisen 2002) with a black dot at the maximum. The second black dot in the
center of the map and offset from the maximum indicates the direction provided
by KASCADE.
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Fig. 5.5 and Petrovic et al. 2007). Therefore, events are rejected which consist
of RFI and have a SNR above 6. As expected, such events were found to have
small curvature radii, since most RFI is emitted locally. However, we note, that
by this criterion also events were rejected from air showers which did not reach
the required level of signal-coherence.
The rejection of RFI events can be tested by plotting a histogram of the
distribution of the curvature radii. It can be seen in Fig. 5.6 that indeed all
events which had an emission maximum at a curvature radius below 2000 m are
not part of the filtered distribution, these events are considered as RFI events.
Among the 62 selected events, 17 events have an electric field strength of more
than twice the expected field strength estimated from the muon number, geo-
magnetic angle, and shower axis distance (Horneffer et al. 2007). The measured
electric field strength of the 62 selected events is plotted versus the directional
offset in Fig. 5.7. In this plot, the 17 enhanced events are marked with squares
and the 5 encircled events were confirmed to be recorded during thunderstorm
activity in the vicinity of LOPES. The error bars in the plot give the minimum
uncertainty calculated with Eq. 5.1.
5.5 Results and discussion
The 5 encircled events of Fig. 5.7 are candidates for enhanced shower radio
emission by electric fields in thunderstorm clouds (Buitink et al. 2007). All
thunderstorm events show large deviations in position, which suggests that the
net force of the electric field in thunderstorm clouds can change the direction
in which the emission is beamed. Therefore, the enhanced events and the thun-
derstorm events were not taken into account for the following interpretation of
the results. The remaining 44 events show an approximately linear decrease in
directional offset with increasing signal strength.
5.5.1 Curvature radius
As mentioned in Section 5.3.3, the intensity detected in the pulses increases
quickly with curvature radius. In fact, 90% of the maximum intensity is ob-
tained for the selected 44 events at (2600±800) m and the curvature radii at the
maxima are (7000±2000) m (one sigma statistical uncertainties). The statisti-
cal uncertainty for the radii at the maxima is large, because the change in the
intensity at large curvature radii is small and cannot be determined more accu-
rately with an array of the size of LOPES. An approximation for the statistical
uncertainty of the curvature radius can be obtained adapting Eq. 5.1:(
∆ρ
ρ
)
min
= ± ρ
D
N
P
λ
D cosθ
. (5.2)
Here ∆ρ is the uncertainty of the radius of curvature ρ and for D = 130 m,
λ = 5 m, N/P = 1/16, and θ = 40 ◦ results in ±1400 m.
The histogram of the curvature radii in Fig. 5.6 shows that a few events
accumulate at 10 km indicating that those events could be fitted with even larger
curvature radii. However, on average, the intensity does not change significantly
increasing the curvature radius over the last 2 km, and therefore the wavefront is
considered to be nearly planar. A tendency to larger curvature radii is observed
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for events coming from lower elevation angles, which travelled a longer path
through the Earth’s atmosphere (see Fig. 5.8).
Furthermore, we showed that the variation of the curvature radius can change
the direction of the pulse in elevation. We found that the angular offset in eleva-
tion from the optimum position as a function of curvature radius is on average
zero for the 44 selected events and therefore does not introduce a systematic
effect. However, the spread must be considered as a statistical uncertainty of
±0.3 ◦ for the directions determined with LOPES.
5.5.2 Upsampling
Additionally, we showed in Section 5.3.3, that shifts in the directions occur when
maximizing the intensity of the pulse by interpolating the antenna signals. The
change in the positions introduced by the half-sample shifts amounts to (0.7 ±
0.9) ◦, for the 44 selected events. This result determines the improvement of
the directional accuracy of LOPES. Effectively, the digitization step error was
reduced, after the signal was upsampled.
The optimization of the beam-forming by the upsampling (half-sample shift)
did not significantly increase the electric field amplitude of the selected events
with (1± 3) µV m−1 MHz−1 compared to the values determined with the stan-
dard analysis software (Bähren et al. 2006). However, it reduced the number of
events with more than one source in the optimized skymap by 30%. Thus, the
intensity of the environmental background noise in the side-lobes of the event
beams was reduced by the optimized beam-forming.
5.5.3 Systematics
Fig. 5.5 shows arrows pointing from the position reconstructed by LOPES to the
position reconstructed by KASCADE. The arrows for all events are isotropically
distributed in the circular area that covers the sky. However, the arrows of
the 44 events (selected on their E-field peak SNR) show a clear preference for
coming from the North. Due to the inclination of the magnetic field of 65 ◦ at
the latitude of LOPES of 49 ◦, the geomagnetic angles are larger to the North
than to the South and therefore a larger signal is produced in the air shower by
the geomagnetic effect.
The components of the arrows in the East-West direction and the North-
South direction are plotted in Fig. 5.9. Both data sets follow a normal distri-
bution with a full width at half maximum (FWHM) of 1.2 ◦ (χ2red = 2.37) for
the North-South direction and of 1.4 ◦ (χ2red = 0.88) for the East-West direc-
tion. These values are consistent with the absolute offset of (1.3 ± 0.8) ◦ (see
next section). Furthermore, both distributions have an average consistent with
zero and therefore, no systematic offset is found in the directions determined by
LOPES and KASCADE.
5.5.4 Statistics
The obtained offsets between the directions provided by KASCADE and the
directions determined from the LOPES radio data for the 44 selected events
result in (1.3 ± 0.8) ◦. The histogram of these offsets and of all 664 events
peak at the same bin of 1.5 ◦ suggesting that this is the sum of the average
uncertainty for the direction determination of both experiments for the whole
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range of elevation angles. All events having larger offsets are dominated by
increased noise from the particle detectors and they are not part of the selected
44 events (see Fig 5.10).
The 44 selected events have an average zenith angle of 40 ◦ and the average
electron number detected by KASCADE is 106.8. The accuracy of KASCADE
for an air shower with this electron number is ±0.2 ◦. This value is corrected
for the reduced acceptance of the particle detectors by dividing with the sine of
the zenith angle of 40 ◦. Therefore, we conclude that the measured offsets are
dominated by the accuracy of the direction determination with LOPES of about
±1.1 ◦.
This accuracy of LOPES lies above the statistical uncertainty determined
with Eq. 5.1 of ±0.2 ◦, since the fit of a curved wavefront with a curvature
radius ρ introduces an additional uncertainty:
∆αtot = ±12
N
P
λ
D cosθ
+ f (ρ) . (5.3)
5.6 Conclusions
The 4D mapping of radio emission is a powerful new tool for the study of radio
sources within the Earth’s atmosphere, in particular cosmic-ray air showers, be-
cause of the information in the third spatial dimension provided by the distance
of the beam-forming focus. We used an array with only 30 single dipoles and
succeeded to map out the radio emission from air showers, to search for the posi-
tion on the sky, and to fit the curvature of the detected wave front of the shower
pulse. For this work, we used KASCADE as a reference. The mapping-tool
can also be used for astrophysical imaging of fast pulses, since images can be
calculated on sample time resolution. Furthermore, the third spatial dimension
of the images allows to distinguish between the location of all kinds of transient
events occurring inside and outside the Earth’s atmosphere.
We found that the position of the emission maximum in the map, calculated
in the beam-forming process, is sensitive to the array layout and the phase errors
of the antenna electronics and therefore changes when beam-forming parameters
such as the curvature radius or the filtered band are varied. We optimized the
beam-forming by upsampling of the antenna signals, which strongly improved
the accuracy of the direction determination.
We conclude that the angular resolution of LOPES is sufficient to localize the
air shower axis and to maximize the received electric field amplitude. However,
the accuracy for the direction determination is determined by the uncertainty of
the curvature radius. An exact determination of the shape of the shower wave-
front seems to be necessary to further improve the localization of the shower
radio maximum in the beam-forming process. Furthermore, the directional ac-
curacy could possibly be improved by calculating every pixel of the searched
skymap with the cross-correlation beam (sum of all antenna pair correlations)
and by further suppressing the KASCADE noise. Also, more phase-stability of
the electronics and a larger antenna layout optimized for beam-forming in all
azimuthal directions is desirable.
We found that the best fit in the curvature radius increases for events coming
from the horizon after passing through a larger atmospheric depth. Furthermore,
we found an approximately linear decrease in the directional offsets between the
LOPES positions and the KASCADE positions with increasing signal strength.
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Figure 5.5: This plot shows an arrow for each event connecting the position of
LOPES and KASCADE projected onto the sky with the zenith in the origin.
The azimuth angle rotates clock-wise starting from North pointing upwards. The
thin arrows indicate all 664 pre-selected events and the thick encircled arrows
highlight the 44 selected events.
Figure 5.6: Histogram of the number of events as a function of curvature radius.
The upper (dotted-blue) distribution shows all 664 pre-selected events and the
lower (solid-red) distribution shows the selected 44 events. The bin size is 250
m in curvature radius.
PhD thesis: Fast Flashes observed with LOFAR prototypes
116 Direction identification of CR
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Figure 5.7: Absolute angular separation between the LOPES and the KAS-
CADE position as a function of electric field amplitude. The encircled events
are possibly enhanced in field strength in thunderstorm clouds at the time of the
observation. The events marked with squares have a measured field strength of
more than twice the expected field strength estimated from the muon number,
geomagnetic angle, and shower axis distance (Horneffer et al. 2007). The lower
limit on the statistical uncertainty in the direction of each event is plotted as an
error bar (according to Eq. 5.1).
Figure 5.8: Curvature radius as a function of the inverse cosine of the zenith
angle for all 62 events. The enhanced and thunderstorm events are encircled in
this plot. The dashed line at 10 km indicates the maximum curvature radius
that was fitted to the wavefronts.
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Figure 5.9: Histograms of the angular offset in the air shower core position
on the sky at the distance of the curvature radius of the air shower emission
maximum, as found in the LOPES radio signal and as determined with the
direction provided by KASCADE. The distribution in East-West offset is plotted
at the top and in North-South direction at the bottom. Each plot shows the
distribution for all 664 events (dotted) and for the 44 selected events (solid),
both fitted with a Gaussian (dash-dotted and dashed).
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Figure 5.10: Distribution of events as a function of directional offset between
LOPES and KASCADE. The upper (dotted) distribution shows all 664 pre-
selected events and the lower (solid) distribution shows the selected 44 events
with the maximum at (1.3± 0.8) ◦. The bin size is 0.5 ◦.
Furthermore, we found a few events with field strengths enhanced by more
than twice the expected field estimated from the muon number, geomagnetic
angle, and shower axis distance. Some of these events were associated with
thunderstorms in the vicinity of the telescope, which can enhance the emission
through strong electric fields in clouds. These events showed the largest off-
sets between the position measured with the radio antennae of LOPES and the
particle detectors of KASCADE. This very important result suggests that the
charged particles of air showers experience additional deflection by electric fields
in thunderstorm clouds. Thus, we measured for the first time a geoelectric effect
in addition to the geomagnetic effect.
The offsets between the directions measured with both instruments were
analyzed for dependencies on the measured electric field strength, the curvature
radius, the azimuth angle, the elevation angle and the geomagnetic field angle.
Due to the geomagnetic effect and the geoelectric effect discussed here, one
could expect a net directional offset between the muons, the electrons and the
electromagnetic emission at the shower maximum. However, the analyzed sample
of LOPES events did not show any significant systematic effect for the mentioned
dependencies.
This result adds another strong argument for the usage of the radio detection
technique for the study of the arrival directions of high-energy cosmic rays. An
interesting next step will be to investigate with simulations how the distance of
the beam focus (curvature radius) relates to the maximum of the particle shower.
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Appendix A
Faraday rotation
In a dense and magnetized plasma such as the interplanetary medium or theterrestrial ionosphere, a high frequency signal can be split up into two eigen-
modes under the quasi-longitudinal (QL) approximation. The two modes are
the oppositely circularly polarized modes L and R, whose wave vector is parallel
to the background magnetic field (Stix 1962). Since both modes propagate at
different phase velocities, an initial linearly polarized signal remains linearly po-
larized after transit through a plasma. However, a shift in phase is introduced
between the two modes and thus the direction of the linearly polarized electric
field vector rotates. Animations visualizing this effect can be found in Beckert
& Falcke (2002).
The refractive index of the QL modes L and R are:
nL,R =
√
1− ω
2
p
ω2 ± ωωce . (A.1)
Here nL and nR represent the index of refraction for the wave modes L and
R, ω = 2piν is the angular frequency of the wave, ωp =
√
4pie2cne/me is the
angular plasma frequency, ωce = ecB/mec is the angular Larmor frequency (or
non-relativistic cyclotron frequency), and ϑ is the angle between wave vector and
ambient magnetic field.
Assuming that the angular frequency of the wave is much larger than both,
the angular plasma frequency and the Larmor frequency (ω >> ωp, ωce), Eq.
A.1 can be approximated as:
nL,R ≈ 1−
ω2p
2ω (ω ± ωce cosϑ) (A.2)
and the light travel time difference between the two wave modes over a dif-
ferential path length ds becomes:
∆t ≈
∫
ω2p ωce cosϑ
cω3
ds. (A.3)
The polarization angle of the linear polarization vector changes with half of
the phase difference∆φ = ω∆t between the two wave modes. This angle is called
the Faraday rotation angle χF and its magnitude along the ray path length from
the source to the observer is:
χF =
e3 λ2
2pim2e c4
∫
ne ~B · ~ds. (A.4)
121
PhD thesis: Fast Flashes observed with LOFAR prototypes
122 Faraday rotation
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
Here λ is the wavelength of the signal, e is the electron charge, me is the
electron mass, c is the speed of light, ne is the electron density, ~B is the magnetic
field vector, and ~ds is the differential ray path vector along the line of sight.
A frequency independent measure for Faraday rotation is the rotation mea-
sure RM , which is defined as:
RM =
χF
λ2
e3
2pim2e c4
∫
ne ~B · ~ds. (A.5)
Appendix B
Cross-correlation
B.1 Cross-correlation theorem
A cross-correlation of two signals in the time domain, indicated with a star“?”, is equivalent to the Fourier transformed product of the complex Fourier
series, as derived below1:
Cfg (τ) = ft ? gt =
∫ +∞
−∞
f∗ (t) g (t+ τ) dt (B.1)
=
∫ +∞
−∞
([∫ +∞
−∞
F ∗ν e
−i2piνtdν
] [∫ +∞
−∞
Gν′e
i2piν′(t+τ)dν′
])
dt
=
∫ +∞
−∞
∫ +∞
−∞
∫ +∞
−∞
F ∗νGν′e
i2pit(ν′−ν)ei2piν
′τdtdν′dν
=
∫ +∞
−∞
∫ +∞
−∞
F ∗νGν′δ (ν
′ − ν) ei2piν′τdν′dν
=
∫ +∞
−∞
F ∗νGνe
i2piντdν
= F [F ∗νGν ] .
Here Cfg is the cross-correlation coefficient as a function of τ , the signals in
the time domain are [f, g] and in the frequency domain the signals are repre-
sented by [F, G]. The Fourier transform is denoted by F , while F ∗ is the complex
conjugate of F . For an auto correlation of one array with itself (F = G), the
cross-correlation theorem reduces to the Wiener-Khinchin theorem.
B.2 Cross-correlation of discrete signal arrays
The normalized cross-correlation coefficients of two discrete signal arrays are
obtained by subtracting the average from each signal and dividing the cross-
correlation product by the product of the standard deviations of the signal arrays:
Cfg =
f ′t ? g
′
t
sfsg
=
F [F ′∗ν G′ν ]
SFSG
. (B.2)
Here f ′t and g′t are the signal arrays in the time domain of length N , respec-
tively F ′ν and G′ν are the signal arrays in the frequency domain after discrete
1http://mathworld.wolfram.com/Cross-CorrelationTheorem.html
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Fourier transform of the same length N . They are all reduced by their averages,
as indicated with the prime. The reduction of a signal array xt in the time
domain and Xν in the frequency domain is:
x′t = xt − x = x (t)−
1
N
N−1∑
k=0
x (tk) ,
X ′ν = F (xt − x) = X (νj)− x
N−1∑
k=0
ei2piνjtk ,
for k = 0..N − 1 and j = −N
2
..
N
2
− 1.
Here k is the number of the time sample (position in the time signal array)
and j is the number of the frequency bin (position in the signal array in the
frequency domain).
Furthermore, sx(t) and SX(ν) are the standard deviations of the finite signal
arrays in the time domain and the frequency domain respectively. The stan-
dard deviations normalize the cross-correlation coefficients to unity and they are
defined as:
sx(t) =
√√√√ 1
N
N∑
k=1
|x (tk)− xt|2 and SX(ν) =
√√√√ 1
N
N∑
k=1
|X (νk)−Xν |2.
For a two-dimensional cross-correlation, the arrays and the FFTs become
two-dimensional and the standard deviations have to be calculated on the two-
dimensional arrays. For example, a multi-dimensional cross-correlation can be
used to find similarities in images like: photographs, dynamic spectra or multi-
dimensional radio images produced in astronomical observations.
B.3 Single lag cross-correlation
Cross-correlations for single lags on one and two dimensional data arrays have
the following form.
B.3.1 One-dimensional
If x and y are one-dimensional signal arrays in the time domain of length N , the
cross-correlation coefficient Cxy(L) for one lag L is given by:
Cxy (L) =
1
sxsy
1
N
N−|L|∑
k=1
(
xk+|L| − x
)
(yk − y) (B.3)
for L < 0 and
Cxy (L) =
1
sxsy
1
N
N−L∑
k=1
(xk − x) (yk+L − y) (B.4)
for L ≥ 0.
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Here s is the standard deviation for the corresponding one-dimensional array:
sN =
√√√√ 1
N
N∑
k=1
(xk − x)2. (B.5)
B.3.2 Two-dimensional
The cross-correlation coefficient Cxy (P,Q) for one combination of lags in two
dimensions [P, Q] of arrays [x, y] of the same shape {nk, nl} and length N =
nknl is given by:
Cxy (P,Q) =
1
sxsy
1
N
×
nk−|P |∑
k=1−|P |
nl−|Q|∑
l=1−|Q|
(
xk+|P |,l+|Q| − x¯
)
(yk,l − y¯) (B.6)
for P,Q < 0,
Cxy (P,Q) =
1
sxsy
1
N
× (B.7)
nk−|P |∑
k=1
nl−|Q|∑
l=1
(xk,l − x¯) (yk+P,l+Q − y¯) (B.8)
for P,Q ≥ 0...
Here s is the standard deviation for the corresponding two-dimensional array:
sN =
√√√√ 1
N
nk∑
k=1
nl∑
l=1
(xk,l − x¯)2. (B.9)
According to Parseval’s Theorem, the two datasets x and y can be functions
of time or frequency, so that the equations above can also be adapted to calculate
a single cross-correlation coefficient in the frequency domain.

Appendix C
Signal decorrelation of ITS and
NDA
The Nançay Decametric Array (NDA) measures circular polarization of a sig-nal, whereas LOFAR’s Initial Test Station (ITS) measures linear polariza-
tion. The correlation of one sense of detected circular polarization of NDA with
one direction of detected linear polarization of ITS, of the same signal inherits
a fundamental decorrelation, which is derived in the following sections.
C.1 Polarized waves
The equations for the polarized waves below are defined in a right-handed Carte-
sian coordinate system with coordinates [x, y, k], unit vectors x̂, ŷ and wave
vector ~k .
C.1.1 Circular polarization
A completely circularly polarized wave is defined as:
−→
E± (t) = A± [cos (ωt) x̂± sin (ωt) ŷ]
=
A±
2
[(
eiωt + e−iωt
)
x̂∓ i (eiωt − e−iωt) ŷ] (C.1)
and A± ∈ R.
Here
−→
E± (t) is the electric field as function of time t of a respectively right-
and left-handed polarized plane wave at an angular frequency ω (in vacuum
k = ω/c). The direction of the polarization is defined as being right-handed (+)
if the electric field vector rotates clockwise when looking into the direction of
the source and left-handed (−) in the opposite case.
C.1.2 Linear polarization
An arbitrary linearly polarized electromagnetic wave can be described by two
circularly polarized waves, one describing the vectorial x and the other the vec-
torial y component of the linearly polarized signal. Each circularly polarized
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wave component accounts for half of the length of the linear polarization vector:
−→
E (t) = Bx cos (ωt) x̂+By cos (ωt) ŷ (C.2)
=
Bxxˆ+By yˆ
2
eiωt +
Bxxˆ+By yˆ
2
e−iωt
The fraction of the amplitudes in the directions x and y determine the posi-
tion angle φ of the polarization vector: By = Bx tanφ and By, Bx ∈ R.
C.2 Jupiter signal
A hight-handed elliptically polarized signal can be described by the superposition
of a circularly and a linearly polarized wave. The rotation direction of the electric
field vector is determined by the circularly polarized wave. The orientation of
the polarization ellipse is determined by the fraction of the amplitudes of the
two vector components of the linearly polarized wave (By = Bx tanφ):
−→
E J (t) = A+ [cos (ωt) x̂+ sin (ωt) ŷ] +Bx cos (ωt) x̂+By cos (ωt) ŷ(C.3)
C.2.1 Signal measured by ITS
The ITS system can detect two vectorial components of a linearly polarized wave
and for the correlations only one measured linearly polarized vector component
in East-West direction has been used. We choose the x̂-direction to coincide
with this East-West direction, then according to Eq. C.3 ITS measures:
−→
E I(E−W ) (t) = (A+ +Bx) cos (ωt) x̂ (C.4)
and A+, Bx ∈ R.
C.2.2 Power measured by ITS
The power received by ITS is proportional to:〈∣∣∣−→E I(E−W )∣∣∣2〉 = 12 (A+ +Bx)2 (C.5)
C.2.3 Signal measured by NDA
The NDA system detected the right-hand circularly polarized part (RHC) of the
signal:
−→
EN (t) =
(
A+ +
Bx
2
+
By
2
)
[cos (ωt+ ψ) x̂+ sin (ωt+ ψ) ŷ] (C.6)
and A+, Bx, By ∈ R.
Here ψ is the phase lag between NDA and ITS, which in reality is obtained
from the cross-correlation of the observations.
C.2.4 Power measured by NDA
The power received by NDA is proportional to:〈∣∣∣−→EN ∣∣∣2〉 = (A+ + Bx2 + By2
)2
(C.7)
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C.3 Signal correlation
C.3.1 Cross-correlation
The maximum cross-correlation between the two signals received at ITS and
NDA is obtained when the phase lag ψ = 0:
CT =
1
sN sI
〈−→
E ∗N ·
−→
E I
〉
=
1
sN sI
〈
E∗NxEIx + E
∗
NyEIy
〉
(C.8)
sN =
√〈∣∣∣−→EN ∣∣∣2〉 and sI =
√〈∣∣∣−→E I ∣∣∣2〉. (C.9)
Here CT is the time domain cross-correlation coefficient,
−→
E ∗N and
−→
E I are
the the telescope’s signals, where
−→
E ∗N is the complex conjugate of
−→
EN , and
〈E (t)〉 = 0.
In our case, the signals
−→
EN and
−→
E I are ∈ R and determined in Eq. C.6 as
measured by NDA and in Eq. C.4 as measured by ITS as a function of time at
one particular frequency. The factors sN and sI are basically the square root
of the power of the signals. For simplicity, the amplitude terms of the signal
equations are substituted with AN =
(
A+ +
Bx
2
+
By
2
)
and AI = (A+ +Bx):
−→
EN = AN [cos (ωt) x̂+ sin (ωt) ŷ] (C.10)−→
E I = AI cos (ωt) x̂. (C.11)
The normalization factors sN and sI are obtained as:
sN =
√〈∣∣∣−→EN ∣∣∣2〉 = (A+ + Bx2 + By2
)
= AN , (C.12)
sI =
√〈∣∣∣−→E I ∣∣∣2〉 = 1√
2
(A+ +Bx) =
AI√
2
; (C.13)
and finally the correlation results in:
CT =
〈
E∗NxEIx + E
∗
NyEIy
〉√〈∣∣∣−→EN ∣∣∣2〉
√〈∣∣∣−→E I ∣∣∣2〉
=
√
2
〈
ANAI cos2 (ωt)
〉
ANAI
=
√
2
2
= 0.70711 (C.14)
C.3.2 Conclusion
The cross-correlation of the signal from a telescope measuring one direction of
circular polarization with the signal from a telescope measuring one vectorial
component of linear polarization can result in a maximum cross-correlation co-
efficient of 71%.

Appendix D
Astronomical observations
D.1 LOPES - cosmic rays
LOFAR’s first Prototype Station (LOPES) started recording data in 2003. Onaverage 2500 cosmic-ray events were triggered per day (about one event per
35 seconds) and since April 2007 the limit of 3 million triggered and stored events
was exceeded. The following Table D.1 gives an overview about how many events
were stored for each year. The number of events for 2007 was achieved in April
2007. More detailed log-files can be found on the project page1.
D.2 ITS - Jupiter
Simultaneous data acquisition (DAQ) with the Nançay Decametric Array (NDA)
and LOFAR’s Initial Test Station (LOFAR/ITS) has been performed on 2005-
11-30. The specifications and documentation of these observations can be found
in Table D.2.
1http://www.lopes-project.org
Table D.1: Number of triggered and stored LOPES events for each setup since
the start of operation in Mai 2003. Numbers are as of July 2007.
LOPES - Cosmic Rays
Setup Eventfile Number Disk Space Years
LOPES8 422,000 0.3 TB 2003
LOPES10 599,000 0.8 TB 2004
LOPES30 1,351,000 3.5 TB 2005 & 2006
LOPES30pol 533,000 1.9 TB 2007
TOTAL 2,903,000 6.5 TB
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Table D.2: Documentation of the simultaneous Jupiter observations with NDA
and LOFAR/ITS on 2005-11-30.
NDA - Jupiter (2005)
# Start [UT] Pol. Comments
(hh:mn:ss) (MHz)
1 06:58:06 RHC S-bursts 20-30
2 07:08:21 RHC weak S-burst, "absorption", 22-25
3 07:15:02 RHC S-bursts 20-25
4 07:40:38 RHC S-bursts 20-27
5 07:44:57 RHC S-bursts 21-29
6 07:48:35 RHC S-bursts 20-32
7 08:05:23 RHC S-bursts 23-33
8 08:22:32 RHC S-bursts 20-35
9 09:15:12 LHC weak S-bursts 19-21
The files from NDA contain 21 seconds of data and were recorded with the RHC
(right-hand circular) antennae. The analog beamformed antennae data were
directly digitized in a frequency band from 24-40 MHz with 80 megasamples per
second. For exact timing a controlled intense broadband noise pulse with 5 ms
duration was added every second.
ITS - Jupiter (2005)
# Start Direction Comments
[UT] AZ-EL [FAF - Faraday fringes]
(hh:mn:ss) (°) (MHz)
1 06:58:26 144-18 no detection, no FAF
2 07:08:32 147-19 RFI band 26-28.5, no FAF
3 07:15:12 148-19 S-Bursts 21.8-22.8 & FAF
4 07:40:51 155-21 FAF 21.5-25.5
5 07:45:06 156-21 weak emission 25.5-28.5, weak FAF <28.5
6 07:48:43 157-22 weak emission 25.5-30 & weak FAF
7 08:05:40 161-22 weak emission 25-27 & 29-33, weak FAF >28.5
8 08:22:45 166-23 very weak emission 20-25, no FAF
9 09:15:23 180-24 no detection, no FAF
The analog antennae data are directly digitized at frequencies below 40 MHz
with 80 megasamples per second. Outside the filtered band 13.8-30 MHz the
attenuation is stronger than 3 dB. The actual trigger time of the recorded data
is 32 s later than the saved trigger time in brackets. The time between saving
the timestamp and freezing the recorded data in the memory can be delayed up
to 0.1 milliseconds, which is dependent on computer performance.
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List of acronyms
ADC Analog-Digital Converter
AIP OSRA Astronomical Institute in Potsdam - Observatory Solar Radio Astronomy
ASTRON Netherlands Foundation for Research in Astronomy
CEP Central Processing Facility
CHICOS California High School Cosmic Ray Observatory
CMI Cyclotron Maser Instability
CML Central Meridian Longitude
CODALEMA Cosmic Ray Detection Array with Logarithmic Electro-Magnetic Antennas
CORSIKA Cosmic Ray Simulations for KASCADE
CR Cosmic Ray
CS1 Core Station 1
CVS Concurrent Versions System
CWDM Coarse Wave Division Multiplexing
DAM Decametric Emission
DAQ Data Acquisition
DM Dispersion Measure
DS Dynamic Spectrum
EMI Electromagnetic Interference
EMR Electromagnetic Radiation
FAF Faraday Fringes
FFT Fast Fourier Transform
FWHM Full-Width-Half-Maximum
FZK Forschungszentrum Karlsruhe
GÉANT Geometry and Tracking
GMRT Giant Metrewave Radio Telescope
GPS Global Positioning System
GRB Gamma Ray Bursts
GUI Graphical User Interface
GZK Greisen, Zatsepin, Kuzmin
HBA High Band Antenna
HECR High Energy Cosmic Rays
HiSPARC High School Project on Astrophysics Research with Cosmics
HOM Hectometric Emission
IFT Io Flux Tube
IMAPP Institute for Mathematics, Astrophysics and Particle Physics
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KASCADE Karlsruhe Shower Core and Array Detector
LBA Low Band Antenna
LFFE Low Frequency Front End
LHC Left-Hand Circular Polarized
LNA Low Noise Amplifier
LOFAR Low Frequency Array
LOPES LOFAR Prototype Station
LORUN LOFAR @ Radboud University Nijmegen
LSRK Rest-frame of the Kinematical Local Standard
LWA Long Wavelength Array
NAHSA Nijmegen Area High School Array
NDA Nançay Decametric Array
NTP Network Time Protocol
PMT Photo Multiplier Tube
PSF Point Spread Function
RFI Radio Frequency Interference
RHC Right-Hand Circular Polarized
RM Rotation Measure
RMS Root-Mean-Square
RS Remote Station
SEASA Stockholm Educational Air Shower Array
SKA Square Kilometric Array
SNR Supernova Remnants / Signal-to-Noise Ratio
STG Stereographic
SVN Subversion Project
TBB Transient Buffer Board
TEC Total Electron Content
TIM Twin Input Memory
UHECR Ultra High Energy Cosmic Rays
UHEP Ultra High Energy Particles
URAN Ukrainian Radio Antennae Network
USG User Software Group
UTC Universal Time Coordinated
UTR Ukrainian T-shaped Radio Telescope
VHECR Very High Energy Cosmic Rays
VLA Very Large Array
VLBI Very Long Baseline Interferometry
WSRT Westerbork Synthesis Radio Telescope
Summary
This thesis consists of a detailed analysis of several observations with prototypestations of the Low Frequency Array (LOFAR).
Raw radio data from the LOFAR Prototype Station (LOPES), LOFAR at
Radboud University Nijmegen (LORUN) and LOFAR’s Initial Test Station (LO-
FAR/ITS) have been processed and analyzed in order to develop and establish
new methods for the reduction and analysis of large amounts of digitized radio
data.
The major science fields in the LOFAR project are currently "Transients"
(Amsterdam), "Galaxy Formation & The Early Universe" (Leiden), "The
Epoch of Reionization" (Groningen), and "Cosmic Rays" (Nijmegen) in The
Netherlands, and "Cosmic Magnetism" (Bonn) and "Solar Physics" (Potsdam)
in Germany, respectively.
Chapter 1 introduces the field of radio astronomy, briefly describes the
radio telescopes which were used to perform the observations and discusses radio
frequency interference (RFI) and important tools for signal processing.
LOFAR and its prototypes are operating in broad bands in the range from
10 MHz to 300 MHz, with an unmatched angular, time and frequency resolu-
tion. These frequencies have been hardly exploited in radio astronomy so far,
since observations at frequencies below 300 MHz (wavelength longer than one
meter) require large telescopes to collect enough emission of intrinsically weak
signals. The rapid development of digital hardware makes a telescope like LO-
FAR feasible. It will not consist of a large single dish, but of thousands of simple
dipole antennae, which add up to a large collecting area. The antennae will be
clustered in stations with distances of up to thousand kilometers to provide
arcsecond resolution.
However, in the frequency window of LOFAR, the Earth’s atmosphere is
not a homogeneous medium, it refracts the radiation and introduces differential
phase delays to the signals. These delays have to be corrected for, either in real
time using models for the atmosphere, or in the off-line data analysis.
The frequency window of LOFAR encompasses frequencies currently used
for analog radio and TV broadcasting. Therefore, data acquisition hardware
requires filters, amplifiers, and a large dynamic range to detect weak signals,
while not being saturated by radio frequency interference.
A big challenge with simple dipole antennae is to deal with RFI. These radio
antennae receive signals from all directions, including all man-made RFI in range.
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For the LOFAR prototypes RFI was reduced by choosing radio-quiet locations
and by installing additional hardware filters.
The large number of antennae required many cables, receivers, analog-digital-
converters, coherent timing and large storage space for the digitized data. All
these components had to produce as little as possible RFI. A relative antenna
calibration was performed by correcting for small changes in the phases of three
TV-carrier signals between each antenna and a reference antenna. For absolute
calibration of received-to-detected signal intensity, an antenna model has been
verified in extensive measurement campaigns.
A conventional radio dish collects the signals from the direction it is pointed
at. However, every dipole antenna element of LOFAR measures the entire
visible sky all the time. Therefore, any desired number of antennae has been
combined to form one or multiple beams by bringing the antennae signals in
phase for any direction of interest. The digital data handling enables to form
multiple beams in real time, where the number of beams is limited by the
data-rate that can be transferred and processed.
Chapter 2 describes observations of Jupiter radio bursts, which were ana-
lyzed for propagation effects and cross-correlated with simultaneous observations
of the Nançay Decametric Array.
The result from the cross-correlations demonstrates that long baseline inter-
ferometry can be done at low frequencies, in spite of phase shifts introduced
by variations in ionospheric propagation characteristics. Phase coherence was
preserved over tens to hundreds of milliseconds with a baseline of about 700 km.
These prototype observations imply that LOFAR will be capable to perform
VLBI-type observations with millijansky sensitivity over a broad relative band-
width up to 100 MHz with baseband digitization, and direct correlation over a
large dynamic range. The presented results support the European extension of
LOFAR with very remote stations up to several hundred kilometers. A baseline
of up to 1000 km will serve LOFAR with a spatial resolution of an arcsecond
at 30 MHz. Such a resolution will enable extensive studies of planetary radio
emission among many other astrophysical applications.
InChapter 3, cosmic rays are introduced and the detection of radio emission
from cosmic-ray air showers is described.
A pathfinder experiment called LORUN, with eight radio dipoles, was set up
to study cosmic rays with a hybrid high school detector array, and to increase the
outreach of cosmic-ray science with LOFAR. LORUN has been combined with
the Nijmegen Area High School Array (NAHSA) - at present part of the High
School Project on Astro-Physics Research with Cosmics (HiSPARC) - to detect
both radio emission and particles from cosmic-ray air showers in coincidence.
The LOFAR prototype antennae will provide a new method to determine the
origin, species and primary energy of cosmic rays. The most powerful aspects
of radio detection are that LOFAR-type antennae have a large acceptance and
a large duty cycle. Furthermore, the received signals integrate the whole longi-
tudinal shower development, whereas particle detectors only receive the shower
particles, which were not attenuated in the atmosphere. Radio pulses coincid-
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ing in time in at least two radio dipoles and two particle detector stations were
found in three strong cosmic-ray air showers. Shower properties such as inclina-
tion and an indication for shower energy and polarization have been observed in
these events. LORUN successfully demonstrated its ability to study cosmic-ray
air shower radio emission.
The LORUN/NAHSA system has been setup with the help of several
undergraduate students. LORUN is an example how to extend projects like
HiSPARC for hybrid detection by adding radio antennae for a more detailed
analysis of air showers. However, additional hardware development is needed in
order to make the complete setup fully available for high schools.
The 4th chapter contains the description and discussion of radio spectra
obtained from cosmic-ray air shower emission.
The prototype station LOPES has revived the study of radio emission from
cosmic-ray air showers by using new, fast and powerful digital hardware. LOPES
observations performed before this work have demonstrated an approximately
linear dependence between the measured electric field amplitude and the number
of detected particles, and, therefore, the energy of the primary particle. Further-
more, the emission is found to be dependent on the geomagnetic angle, which
favors the geomagnetic emission mechanism as the dominant one. Effectively,
the radio pulse consists of coherently beamed synchrotron radiation produced
by relativistic electrons and positrons deflected in the Earth’s magnetic field.
Further studies, which are presented in this thesis, probe the simulated spec-
tral dependence of the cosmic-ray radio emission. The average spectral index of
LOPES spectra was found to be −1.0, lying slightly above the slope obtained
from Monte Carlo simulations based on air showers simulated with CORSIKA.
Simulations and measurements do not agree within their uncertainties, since
simulations on single event basis are necessary for a closer comparison and those
simulations have not yet been performed. The measured spectral slope, depends
on the length of the pulse, where longer pulses result in steeper spectra. The
accuracy, with which spectral amplitudes were obtained, was limited by the in-
strumental noise and phase uncertainties. Further, the quality of the spectral
slope, was limited by the quality of the antenna gain model, which was simulated
and measured in several calibration campaigns.
An additional valuable observation during thunderstorm activity in the vicin-
ity of LOPES showed that strong electric fields in clouds can enhance the radio
emission and broaden the radio pulse.
One of the next steps will be the simulation of air showers based on
parameters provided by KASCADE and LOPES, including the hardware
response of LOFAR prototype antennae, to enable a close comparison of theory
and experiment. Moreover, the completed LOFAR will enable the study of
cosmic-ray radio emission on at least ten times longer baselines, over three
times as much bandwidth (up to 240 MHz) and with more than twice the time
resolution of LOPES.
In Chapter five, a technique to determine the directions of the measured
radio emission from cosmic-ray events is discussed and compared to the directions
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provided by the KASCADE particle detector array.
The determination of the electric field amplitude detected with a radio inter-
ferometer, such as LOPES, requires that the exact position of the radio emission
maximum on the sky is known. Furthermore, the shower wavefront is not planar,
since the emission maximum lies at a few kilometers distance from the antennae.
Therefore, a curvature radius was fitted to maximize the detected electric field
amplitude in the LOPES beam. In this chapter, the direction and position of the
shower core as provided by KASCADE is compared with the position found in
4D radio images produced on LOPES data. This 4D mapping of radio emission
is done over time, curvature radius and two spatial dimensions. It is a powerful
new tool for the study of nearby radio sources (within the Earth’s atmosphere),
in particular cosmic-ray air showers, because of the information provided by the
signal in the third spatial dimension.
The analysis showed that the position of the emission maximum in the map,
calculated in the beam-forming process, is sensitive to the array layout and
the phase errors of the antenna electronics and therefore changes when beam-
forming parameters such as the curvature radius or the filtered band are varied.
The digital beam-forming was optimized by upsampling of the antenna signals,
which strongly improved the accuracy of the direction determination.
The angular resolution of LOPES is found to be sufficient to localize the
air shower axis and to maximize the received electric field amplitude. However,
more phase-stability and a larger antenna layout optimized for beam-forming in
all azimuthal directions is needed to compete with the directional accuracy of
KASCADE.
The analyzed sample of LOPES events did not show any significant system-
atic deviation between the position of both instruments. It was found that the
best fit in the curvature radius increases for events coming from the horizon after
travelling through a larger atmospheric depth. As expected, an investigation of
the amplitudes of the pulses revealed an approximately linear decrease in the
directional offsets between the LOPES positions and the KASCADE positions
with increasing signal strength.
A few events were measured with field strengths enhanced by more than
twice the expected field estimated from the number of muons in the shower.
Some of these events were associated with thunderstorms in the vicinity of the
telescope, which can enhance the emission through strong electric fields in clouds.
These events showed the largest offsets between the position measured with the
radio antennae of LOPES and the particle detectors of KASCADE. This very
important result suggests that the charged particles of air showers experience
additional deflection by electric fields in thunderstorm clouds.
This result adds another strong argument for the usage of the radio detection
technique for the study of cosmic rays. An interesting next step will be to
investigate with simulations how the curvature radius determines the emission
maximum in the particle shower. Then, the lateral distribution in the radio
data would allow to distinguish the species of primary particles, as it is done
with detected particles.
The following conclusions can be drawn from the research results in this
thesis:
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• Faraday rotation in the Earth’s atmosphere can be used to determine the
varying electron content in the Earth’s ionosphere with high accuracy (e.g.
from the signal of Jupiter burst).
• The source regions of Jupiter-Io S-bursts do not extend an angular size of
4 arcseconds.
• Long baseline interferometry can be performed at low frequencies on peri-
ods from tens to hundreds of milliseconds with a baseline of about 700 km,
in spite of phase shifts introduced by variations in ionospheric propagation
characteristics.
• The extension of particle detector arrays by radio antennae provides valu-
able parameters for cosmic-ray research, in particular in the third spatial
dimension. Moreover, antennae added to high school arrays increase the
outreach of cosmic-ray physics, as pioneered with LORUN/NAHSA.
• The electric field from high-energy cosmic-ray air showers has a steep spec-
trum decreasing in the LOPES band from 40 MHz to 80 MHz with a
spectral index of −1.0, lying slightly above the slope obtained from Monte
Carlo simulations based on air showers simulated with CORSIKA.
• The 4D mapping of radio emission over time, curvature radius and two spa-
tial dimension is a powerful new tool for the study of radio sources within
the Earth’s atmosphere, in particular of cosmic-ray air showers, because of
the information provided by the signal in the third spatial dimension.
• The directional accuracy of an interferometer, such as LOPES, was found
to be strongly dependent on the curvature radius used for the near-field
beam-forming. However, the comparison of the radio direction with the
direction determined by particle detectors, showed no systematic devia-
tions between both detection methods. This makes radio detection an
interesting tool for the study of high-energy cosmic-ray sources.
• Observations of events during thunderstorm activity confirmed theoretical
predictions of a geoelectric effect. Strong electric fields in clouds can sig-
nificantly enhance the radio signal strength, broaden the radio pulse and
deflect the direction of air shower radio emission compared to the direction
of the particle component.

Samenvatting
Dit proefschrift bestaat uit een gedetailleerde analyse van verschillende obser-vaties met prototypes van de Low Frequency Array (LOFAR).
Ruwe radiodata van het LOFAR Prototype Station (LOPES), LOFAR at
Radboud University Nijmegen (LORUN) en het Initial Test Station voor LO-
FAR (LOFAR/ITS) zijn verwerkt en geanalyseerd om nieuwe methoden te on-
twikkelen voor de reductie en analyse van grote hoeveelheden digitale radiodata.
De belangrijkste wetenschapsgebieden binnen het LOFAR-project zijn
momenteel "Veranderlijke bronnen" (Amsterdam), "Vorming van sterrenstelsels
en het vroege heelal" (Leiden), "Het re-ionisatietijdperk" (Groningen) en "Kos-
mische straling" (Nijmegen) in Nederland, daarnaast "Kosmisch magnetisme"
(Bonn) en "Zonnefysica" (Potsdam) in Duitsland.
Het eerste hoofdstuk is een korte introductie tot de radioastronomie en
behandelt in het kort straling, propagatie-effecten en de stralingsmechanismen
die belangrijk zijn voor dit proefschrift. Daarnaast worden de radiotelescopen
beschreven die gebruikt zijn voor de observaties. Verder worden smalbandige
radiointerferentie (radio frequency interference, RFI) en de belangrijkste gereed-
schappen voor signaalverwerking besproken.
LOFAR en de prototypes ervan doen breedbandwaarnemingen in het gebied
van 10 tot 300 MHz, met een ongeëvenaarde hoek-, tijd- en frequentieresolu-
tie. Deze frequentiegebieden zijn tot nog toe nauwelijks gebruikt in de radioas-
tronomie, omdat de golflengtes beneden 300 MHz langer dan een meter zijn, wat
zeer grote telescopen vereist om genoeg signaal op te vangen van zwakke bronnen.
De snelle ontwikkeling van digitale hardware maakt een telescoop als LOFAR
mogelijk. LOFAR bestaat niet uit één grote schotel, maar uit duizenden een-
voudige dipoolantennes, die samen een groot gevoelig oppervlak hebben. Deze
antennes worden gegroepeerd in stations met daartussen afstanden tot duizend
kilometer om een resolutie in de orde van een boogseconde te bewerkstelligen.
Binnen het frequentiegebied van LOFAR is de Aardatmosfeer echter niet
homogeen, waardoor straling wordt afgebogen, wat faseverschuivingen in het
signaal introduceert. Voor deze verschuivingen moet ofwel direct gecorrigeerd
worden via atmosferische modellen, ofwel achteraf in de data-analyse.
Het frequentiebereik van LOFAR bestrijkt gebieden die ook worden gebruikt
voor analoge televisie-uitzendingen. Bij de ontwikkeling van de hardware voor
de data-acquisitie zijn daarom filters en versterkers nodig, evenals een breed
dynamisch bereik om signalen op te kunnen vangen, zonder verzadigd te worden
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door RFI.
Het omgaan met RFI is een grote uitdaging met dipoolantennes. Dit soort
antennes vangt signalen op uit alle richtingen, inclusief alle kunstmatige RFI bin-
nen bereik. Voor de LOFAR-prototypes is RFI verminderd door een locatie met
weinig achtergrondruis te kiezen en door installatie van extra hardwarefilters.
Niet alle RFI kan echter onderdrukt worden met filters. Een hoge frequentieres-
olutie van het digitale signaal stelt echter in staat om de smalbandige signalen
in de digitale data buiten te sluiten.
Door de grote hoeveelheid antennes zijn veel kabels, ontvangers,
analoog/digitaal-omzetters, een gemeenschappelijke klok en veel opslagruimte
voor de gedigitaliseerde data noodzakelijk. Al deze componenten moeten zo
weinig mogelijk RFI te produceren. Een relatieve kalibratie is voor alle antennes
van één station gedaan door voor subtiele verschillen in de hardware tussen de
losse antennes te corrigeren. Voor de absolute kalibratie van de intensiteit van
het ontvangen ten opzichte van het gemeten signaal is een model voor de an-
tennes geverifieerd met uitgebreide meetsessies.
Een conventionele schotelantenne verzamelt alle signalen uit de richting
waar de schotel op gericht is. Elke LOFAR-antenne meet echter signaal van
de hele hemel. Elk gewenst aantal antennes kan daarom worden gecombineerd
om naar een of meer plaatsen aan de hemel te kijken. Dat kan bewerkstelligd
worden door de signalen in fase te brengen voor elke interessante richting.
De verwerking van digitale data maakt het mogelijk om meerdere richtingen
real-time tegelijk te bekijken, waarbij het aantal richtingen gelimiteerd is door
de snelheid waarmee de data doorgestuurd en verwerkt kunnen worden.
Hoofdstuk 2 gaat over observaties van heel korte radio-uitbarstingen van
Jupiter, die bestudeerd werden op propagatie-effecten. Op deze metingen is een
kruiscorrelatie gedaan met gelijktijdige observaties van de Nançay Decametric
Array.
Interferometrie met lange basislijnen is met succes toegepast bij lage fre-
quenties, ondanks faseverschuivingen geïntroduceerd door variaties in de voort-
plantingskarakteristiek in de ionosfeer. De fasecoherentie blijft behouden voor
tientallen tot honderden milliseconden bij een basislijn van ongeveer 700 kilome-
ter.
Zoals gedemonstreerd met het prototype ITS zal LOFAR als eerste in staat
zijn VLBI-metingen te doen met een gevoeligheid in de orde van enkele milli-
Jansky, over een wijde relatieve bandbreedte tot 100 MHz, met digitalisatie
van de frequentiebasisband en directe correlatie over een breed dynamisch
bereik. De gepresenteerden resultaten steunen een uitbreiding van LOFAR op
Europese schaal met stations op honderden kilometers afstand. Een basislijn
van 1000 kilometer zou LOFAR een hoekresolutie van een boogseconde geven bij
30 MHz. Een dergelijke resolutie zou vele astrofysische toepassingen mogelijk
maken binnen de astronomie bij lage frequenties, waaronder uitgebreide studies
van planetaire radio-emissie.
In hoofdstuk 3 wordt kosmische straling geïntroduceerd en wordt de detec-
tie van radio-emissie van deeltjescascades beschreven.
Een voorhoede-experiment met acht dipoolantennes, LORUN genaamd, is
opgezet om kosmische straling te bestuderen en om de outreach van LOFAR
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en het onderzoek naar kosmische straling te vergroten. LORUN werd gecombi-
neerd met de Nijmegen Area High School Array (NAHSA), onderdeel van het
High School Project on Astro-Physics Research with Cosmics (HiSPARC), om
coïncidentiedetecties te doen van zowel radio-emissie als deeltjes uit cascades
van kosmische straling.
De krachtigste eigenschappen van radiodetectie, zoals met LORUN- en
LOFAR-antennes, zijn een grote acceptantie en een hoge duty cycle. Verder
is het ontvangen signaal het totaal van de complete ontwikkeling van de cas-
cade, terwijl deeltjesdetectors alleen de deeltjes opvangen die niet geabsorbeerd
worden in de atmosfeer. Gelijktijdige radiopulsen zijn in drie grote cascades
gevonden, en de eigenschappen van deze cascades zoals inclinatie en een indi-
catie voor deeltjesenergie en polarisatie zijn waargenomen. LORUN heeft met
succes aangetoond dat het in staat is radio-emissie van kosmische deeltjes te
bestuderen.
Het LORUN/NAHSA-systeem is opgezet met hulp van een aantal studenten
van de Radboud Universiteit Nijmegen. LORUN is een voorbeeld van het
uitbreiden van projecten als HiSPARC voor hybride detectie door radioantennes
toe te voegen voor een nauwkeurigere cascade-analyse. Verdere ontwikkeling is
echter nodig om het systeem als geheel beschikbaar te maken voor middelbare
scholen.
Het vierde hoofdstuk beschrijft de radiospectra die genomen werden van
de kosmische deeltjescascades.
Het prototypestation LOPES heeft het onderzoek naar radio-emissie van
deeltjescascades doen herleven door toepassing van krachtige digitale hardware.
De gemeten hoogte van de radiopuls blijkt min of meer lineair afhankelijk van
het aantal gemeten deeltjes en dus met de energie van het primaire deeltje.
De afhankelijkheid van de straling met de geomagnetische hoek lijkt te wijzen
op een oorsprong in een geomagnetisch emissiemechanisme waarin radiostraling
door afgebogen elektronen en positronen domineert.
Verder onderzoek, dat in dit proefschrift uiteengezet wordt, bevestigt ges-
imuleerde frequentiespectra van de radiostraling van cascades. De gemiddelde
spectraalindex van de LOPES-spectra is bepaald op −1.0 en ligt enigzins boven
de helling berekend in op coherente geosynchrotronstraling gebaseerde Monte-
Carlosimulaties van volledig geparametriseerde cascades. De helling van de spec-
tra hangt af van de lengte van de puls, waarbij langere pulsen in steilere spec-
tra resulteren. De nauwkeurigheid waarmee de amplitudes van de spectra zijn
bepaald, wordt begrensd door instrumentele ruis en de daarmee verbonden fase-
onzekerheid. Ook is de kwaliteit van de helling van het spectrum gelimiteerd
door de kwaliteit van het model voor de gain van de antennes zoals gesimuleerd
en gemeten in een aantal kalibratiesessies.
Een waardevolle waarneming gedurende onweersbuien in de buurt van
LOPES liet zien dat sterke elektrische velden in wolken in staat zijn om de
veldsterktes van de radio-emissie te verhogen en de radiopuls te verbreden.
Een van de volgende stappen is het simuleren van deeltjescascades gebaseerd
op door KASCADE en LOPES geleverde parameters met daarin de karak-
teristiek van LOFAR-antennehardware voor een goede vergelijking tussen
theorie en experiment. Als LOFAR klaar is, zal onderzoek naar radio-emissie
mogelijk zijn met tienmaal langere basislijnen, drie keer zo veel bandbreede (tot
240 MHz) en twee keer zo hoge tijdsresolutie vergeleken met LOPES.
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In hoofdstuk 5 wordt de techniek behandeld om de richting van de gemeten
radio-emissie van kosmische deeltjes te bepalen en vergeleken met de richting die
wordt gegeven door de deeltjesdetectors van KASCADE.
Voor de bepaling van de met een radio-interferometer zoals LOPES gemeten
elektrische veldsterkte moet de exacte positie van het maximum van de radio-
emissie bekend zijn. Daarnaast is het cascadefront geen vlakke golf, doordat
het punt van het emissiemaximum slechts op een paar kilometer afstand ligt
van de antennes. Ter compensatie is een krommingsstraal aangepast om de
gevonden elektrische veldsterkte in de LOPES-beam te maximaliseren. In dit
hoofdstuk worden de richting en positie van de cascadekern zoals bepaald door
KASCADE vergeleken met de positie uit 4D-radiobeelden geproduceerd met
LOPES-data. Deze 4D-kartering van radio-emissie over tijd, kromming en twee
ruimtedimensies is een revolutionair gereedschap voor het bestuderen van nabije
radiobronnen binnen de Aardatmosfeer in het algemeen en voor air showers in
het bijzonder, vanwege de informatie in de derde ruimtedimensie.
De positie op de kaart van het door bundelvorming berekende emissiemax-
imum blijkt gevoelig voor de layout van de array en de fasestabiliteit van de
antenne-elektronica, en verandert daardoor wanneer bundelvormingsparameters
zoals de krommingsstraal of de filterband worden veranderd. De nauwkeurigheid
voor de richtingsbepaling werd sterk verbeterd door vaker meten van de anten-
nesignalen in een geöptimaliseerde digitale bundelvormingsprocedure.
De conclusie luidt dat de hoekresolutie van LOPES nauwkeurig genoeg is om
de cascadekern te lokaliseren en de ontvangen veldsterkte te maximaliseren. Om
met de richtingsnauwkeurigheid van KASCADE te kunnen concurreren, zijn
echter een grotere fasestabiliteit en een voor bundelvorming in alle richtingen
geoptimaliseerde antennelayout nodig.
In de met LOPES bepaalde richtingen is geen systematische afwijking gevon-
den van de richting die door KASCADE geobserveerd werd. Daarnaast blijkt dat
de beste fit voor de krommingsstraal toeneemt voor gebeurtenissen aan de hori-
zon, die een langere atmosferische weglengte hebben afgelegd. Zoals verwacht
werd door het bestuderen van de pulssterktes een min of meer lineaire afname
gevonden in het richtingsverschil tussen LOPES en KASCADE bij toenemende
signaalsterkte.
Bij een paar gebeurtenissen werden veldsterktes gemeten van meer dan
tweemaal zoveel als geschat op basis van het aantal muonen in de cascade. Som-
mige van deze gebeurtenissen konden worden geassocieerd met onweersbuien
in de buurt van de telescoop, die de emissie mogelijk versterkten door sterke
elektrische velden in wolken. Deze gebeurtenissen lieten grotere verschillen zien
tussen de richtingen gemeten met de radio-antennes van LOPES en de deeltjes-
detectors van KASCADE, wat een door een elektrisch veld versterkte afbuiging
van de voor straling verantwoordelijke geladen deeltjes suggereert.
Dit resultaat is een extra argument voor het gebruik van radiode-
tectie voor het bestuderen van kosmische deeltjes. Een interessante
volgende stap is het onderzoeken van een mogelijke relatie tussen de
krommingsstraal en het maximum van de deeltjescascade in simulaties.
Indien een dergelijke relatie gevonden werd, zou de laterale distributie
in de radiodata een maat voor het soort primaire deeltje kunnen zijn.
De volgende conclusies kunnen worden getrokken uit de onderzoeksresul-
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taten in dit proefschrift:
• Faradayrotatie in de Aardatmosfeer kan worden gebruikt om met grote
nauwkeurigheid de variërende elektronenkolomdichtheid in de ionosfeer te
bepalen (bijvoorbeeld met het signaal van Jupiterbursts).
• De brongebieden van S-bursts uitgezonden door het Jupiter-Io-system bli-
jken niet groter dan 4 boogseconden.
• Interferometrie over lange basislijnen is mogelijk bij lage frequenties, on-
danks faseverschuivingen door variaties in de voortplantingskarakteristiek
van de ionosfeer op een tijdsschaal van tien tot honderd milliseconde bij
een basislijn van ongeveer 700 kilometer.
• Het uitbreiden van arrays van deeltjesdetectoren voegt waardevolle param-
eters toe voor onderzoek aan kosmische straling, en antennes toegevoegd
aan arrays bij middelbare scholen vergroten de outreach van de fysica van
kosmische deeltjes, zoals gepionierd door LORUN/NAHSA.
• Het elektrisch veld van hoogenergetische kosmische deeltjes heeft een vlak
spectrum dat in de LOPES-band van 40 tot 80 MHz afvalt met een
spectraalindex van gemiddeld −1.0. Dit resultaat ligt enigzins boven de
helling berekend in Monte-Carlosimulaties gebaseerd op coherente geosyn-
chrotronemissie van volledig geparametriseerde air showers.
• 4D-kartering van radio-emissie over tijd, kromming en twee ruimtedimen-
sies is een krachtig, nieuw gereedschap voor het bestuderen van radiobron-
nen binnen de Aardatmosfeer in het algemeen en voor air showers in het
bijzonder, vanwege de informatie in de derde ruimtedimensie.
• De richtingsnauwkeurigheid van een interferometer zoals LOPES blijkt
voornamelijk afhankelijk van de krommingsstraal die gebruikt wordt voor
de bundelvorming in het nabije veld. Een vergelijking tussen de richting
van het radiosignaal en die bepaald met de deeltjesdetectoren liet echter
geen systematische verschillen zien. Dit resultaat maakt de radiodetectie
een interessante methode voor de studie van bronnen van hoog-energetische
kosmische straling.
• Waarnemingen van gebeurtenissen gedurende onweersbuien in de buurt van
de telescoop bevestigden theoretische voorspellingen van een geo-elektrisch
effect. Sterke elektrische velden in wolken zijn in staat om de veldsterktes
te verhogen, de radiopuls te verbreden en de richting van de radio-emissie
te veranderen vergeleken met de richting bepaald met deeltjesdetecties.
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